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VOORWOORD 
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Bert Klein Gebbink, Jan van Maarseveen, Stan "de Ouwe" Martens, René van 
Nostrum, Hanny van Nunen, Joost Reek, Appiè "Scheenbeen" Schenning, Ruud 
Schuurman, Rint Sijbesma, Nico Sommerdijk en Fokke Venema van groot belang 
geweest in het leerproces, maar vooral ook voor de goede sfeer op het lab en buiten 
werktijd. Natuurlijk hoort hier ook Alan "Brassert" Rowan bij, die ik extra wil 
bedanken voor het corrigeren van het amerikaans/engels. Ingrid Wehman-Ooyevaar 
wil ik graag bedanken als trouw bezoekster van het Fe-S overleg en omdat ze met de 
afdelings uitstapjes altijd besefte dat ik geen gast was. 
Veel van het werk dat hier beschreven wordt als 'mijn' onderzoek is eigenlijk gedaan 
door een aantal studenten, te weten "Thiolen" Johny van Haaren (T. J.), Paul "Attila 
de Hun" Honen, Peter "koning bijzaak" ten Have en Roger van der Schoor. Een extra 
complimentje verdiend Peter voor de verzorging van een aantal schitterende 
"hoofdzaken". 
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Voor het amide onderzoek waren de adviezen van Prof. Dr. G. I. Tesser en Hans 
Adams onontbeerlijk. Annie Roelofsen wil ik graag bedanken voor de hulp bij de 
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aarzeling uitgevoerd in Leiden door Fokko Mulders en Dr. Roger Thiele. 
Helene Amatdjais, Peter van Galen, Trudy Hendriks, Chris Kroon, Wim van Luyn 
Pieter van der Meer, Ad Swolfs, Sandra Tijdink en Wim van der Ven wil ik bedanken 
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voor zijn aanstekelijke enthousiasme voor de Bioanorganische chemie. 
De groep van Dr. Hans Scheeren wil ik bedanken voor de leuke retraites en de 
adviezen tijdens de 'dinsdagmiddag'-besprekingen. 
Er is natuurlijk meer dan chemie alleen. De vrienden die het mij mogelijk hebben 
gemaakt af en toe de chemie van me af te zetten wil ik graag bedanken. Een aparte 
vermelding is hier zeker op zijn plaats voor de mannen van Trekvogels za. 1. Bij hen 
kon ik mijn frustraties van me af ballen (en drinken in 't Haantje) als ik weer eens 
niet werd begrepen door een referee. Het was een mooie wisselwerking, want op 
maandag bij de koffie kon ik dan mijn frustraties kwijt als mijn geniale acties van de 




Chapter 1 General introduction 1 
1.1 Bioinorganic Chemistry 1 
1.2 Iron-sulfur clusters 1 
1.2.1 [lFe] clusters 2 
1.2.2 [2Fe-2S] clusters 3 
1.2.3 [4Fe-4S] clusters 3 
1.2.4 Super clusters 7 
1.3 Aim and outline of the thesis 8 
References 10 
Chapter 2 Model systems for 3:1 subsite-differentiated [4Fe-4S] proteins 17 
2.1 Introduction 17 
2.2 Results and discussion 19 
2.2.1 Ligand synthesis 19 
2.2.2 Synthesis of the cluster compounds 21 
2.2.3 Characterization 24 
2.3 Conclusions 36 
2.4 Experimental 37 
References 44 
Chapter 3 Subsite specific reactions at the unique ironsite of a [4Fe-4S] cluster 49 
3.1 Introduction 49 
3.2 Results and discussion 50 
3.2.1 Exchange reactions 50 
3.2.2 Comparison of calculated and measured E1/2 values 59 
3.2.3 Synthesis and electrochemical characterization of a MoFe3S4 61 
cluster 
3.3 Conclusions 62 
3.4 Experimental 63 
References 66 
ν 
Chapter 4 Modulation of the redox potential of 3:1 subsite-differentiated 
[4Fe-4S] clusters by changes in the tridentate ligand 69 
4.1 Introduction 69 
4.2 Results and discussion 70 
4.2.1 Ligand synthesis 70 
4.2.2 Synthesis of the cluster compounds 74 
4.2.3 Effect of the spacer 75 
4.2.4 Effect of hydroxy hydrogen bonds 76 
4.2.5 Effect of amide hydrogen bonds 79 
4.3 Conclusion 80 
4.4 Experimental 80 
References 99 
Chapter 5 Model for a proposed arrangement in sulfite reductase: a bridged 
[4Fe-4S] cluster-iron porphyrin assembly 101 
5.1 Introduction 101 
5.2 Results and discussion 102 
5.2.1 Synthesis 102 
5.2.2 Characterization 104 
5.2.3 Nature of the bridging ligand 110 
5.2.4 Preliminary study of reactions with other metal porphyrins 110 
5.2.5 Preliminary study of the reaction with cyanide 111 
5.3 Conclusion 111 
5.4 Experimental 111 
References 114 
Chapter 6 Model systems for prismane [6Fe-6S] containing proteins 115 
6.1 Introduction 115 
6.2 Results and discussion 116 
6.2.1 Ligand synthesis 116 
6.2.2 Cluster capture 117 
6.2.3 Characterization 118 
6.2.4 Capture of Mo capped clusters 121 
6.3 Conclusion 123 
6.4 Experimental 123 
vi 
References 128 
Chapter 7 Design and attempted synthesis of a totally encapsulated [4Fe-4S] 
cluster 129 
7.1 Introduction 129 
7.2 Results and discussion 130 
7.2.1 Design and synthesis of the ligand 130 
7.2.2 Cluster capture 132 
7.3 Conclusion 133 









1.1 Bioinorganic chemistry 
Enzymes control the synthesis and degradation of biologically important molecules. 
Many of these biomolecules are dependent on metals for their activity. These metals 
may have a structural function, i.e. they are indispensable for maintaining the 
secondary or tertiary structure of the protein and can be involved in the transport of 
molecules (e.g. oxygen) or electrons. They may also be present in the active center and 
be involved in the conversion of substrate to product. 
Bioinorganic chemistry is concerned with the study and modelling of metalloproteins 
and other metal containing biomolecules. The elucidation of the precise structure and 
the relationship between structure and function of these biomolecules is a challenge 
for biochemists, inorganic chemists and organic chemists. Molecular models are 
frequently used to get an insight into the multitude of processes that are 
simultaneously operative within the metal containing biological systems. 
1.2 Iron-sulfur clusters 
Iron is the fourth most abundant element in the earth's crust and the most abundant 
transition metal. It is not surprising therefore, that this element has more biological 
functions than any other metal. Iron can span a wide range of redox potentials and as a 
result is involved in a variety of electron transfer reactions. It is also involved in the 
transport, activation and detoxification of oxygen, in nitrogen fixation, and in many 
reaction steps of photosynthesis. There are three classes of iron proteins: those 
containing heme iron, those with iron-sulfur clusters in their active center, and other 
iron proteins. The iron-sulfur proteins catalyze redox reactions and the key reactions 
in carbon, hydrogen, sulfur and nitrogen metabolism. They are found in all 
organisms. Several books and review articles have been published on iron-sulfur 
clusters in natural and synthetic systems1. In the following, a brief review will be 
given. 
2 Chapter 1 
In 1962 iron-sulfur cluster proteins were isolated for the first time from the bacterium 
Clostridium pasteurianum2 and spinach 3. They contain an iron frame-work with 
bridging sulfides, called the cluster core. This cluster core is linked to the peptide 
backbone of the protein by the side chains of amino acid residues, in most cases a 
cysteine group. The iron-sulfur proteins are active as electron transfer reagents (lFe, 
[2Fe-2S], [4Fe-4S]), Lewis acid catalysts (3:1 subsite differentiated [4Fe-4S]), redox catalysts 
(super clusters are proposed) and can be involved in gene regulation (3:1 subsite 
differentiated [4Fe-4S]). The understanding of the structure and function of iron-sulfur 
proteins has benefited from the use of model compounds. The first synthetic analogue 
of a cubane [4Fe-4S] cluster was reported in 1972 by Holm and co-workers4. To date, 
more than 10 types of clusters have been structurally characterized, but only a few of 
them are known to occur in proteins. All synthetic clusters can be prepared by a 
process called spontaneous self assembly. The cluster cores are able to undergo ligand 
exchange reactions5 which occur via stepwise, reversible processes. The reactions can 
be driven to completion by removing the ligand to be released. These substitution 
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1.2.1 [lFe] clusters 
The simplest naturally occurring iron-sulfur compound consists of a single iron, 
tetrahedrally surrounded by four cysteine ligands (1) of a polypeptide chain. This 
structure was established by X-ray diffraction studies6. The proteins that contain such 
an iron site are found in bacteria and are called rubredoxins. Their function is electron 
transfer. The first simple model compound [Fe(S2-o-xyl)2]"'^" (4) was synthesized and 
structurally characterized by Holm's group 7 . For the fine-tuning of their redox 
potentials, the rubredoxins use the same tools as the Ferredoxins (see below). 
Introduction 3 
4 
1.2.2 [2Fe-2S] clusters 
The [2Fe-2S] clusters are found in proteins of plants, animals, and micro organisms 
and have the structure 2, which was established by X-ray analysis8. The [2Fe-2S] core 
can shuttle between the 2+ state and the 1+ state. The oxidized form has its two high 
spin ferric ions in a tetrahedral environment of sulfur ligands. After accepting one 
electron, a valence trapped dimer with the formal oxidation states Fe2+ and Fe3+ is 
formed. In 1973 the X-ray structure of a model compound was solved8c. 
1.2.3 [4Fe-4S] clusters 
The [4Fe-4S] core consists of an iron tetrahedron and a larger sulfur tetrahedron, 
together forming a distorted cube. Most [4Fe-4S] clusters are attached to the peptide 
backbone via the sulfur atoms of cysteine residues, however in some proteins other 
ligands, like the side chain carboxylate group of an aspartic acid residue, are involved9. 
The first crystal structure of a cubane type iron-sulfur cluster was reported in 197210. 
The [4Fe-4S] cluster is one of the most widely distributed electron transfer sites in 
biological systems. It can shuttle either between the 2+ and 1+ core oxidation state 
(Ferredoxin, Fd), or between the 2+ and 3+ state (High Potential Iron Protein, HiPIP). 
In the 2+ state, the valence electrons are delocalized over the entire cluster, and the 
formal oxidation state of each iron is 2.5+. 
Although their cores are very similar, [4Fe-4S] clusters in proteins show a wide range 
of redox potentials (500 to -600 mV vs. NHE). It is likely that the function and the 
redox potential is governed by the peptide environment. Intensive research on both 
naturally occurring clusters and synthetic analogues have revealed the relevant 
parameters. 
Based on X-ray crystallography, it was suggested that the difference between a 
ferredoxin and a HiPIP is related, amongst others, to the number of hydrogen bonds11 
in these proteins (figure 1). The significantly higher number of NH—S hydrogen bonds 
in ferredoxins, makes it possible to stabilize a 1+ state12. This was supported by studies 
4 Chapter 1 
on synthetic analogues 1 3. That hydrogen bonding is important for controlling the 
redox potential, was also observed in the case of rubredoxins14. 
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Figure 1. Part of the structure of P. aerogenes Fd. (refs. 10 and 11a). 
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In HiPIP's, the [4Fe-4S] cluster is buried in a cavity which is surrounded by the 
hydrophobic side chains of tryptophane residues15. Steric effects also play an important 
role as was concluded from model studies with [Fe4S4(SR)4]1_ clusters in which R is a 
bulky group 1 6 . A hydrophobic environment creates a low dielectric constant and in 
this way favors a cluster state with a lower overall charge. Moreover, the bulky ligands 
protect the cluster from the solvent and as a result, there are no hydrogen bonds 
between the solvent and the cluster core. 
Extensive studies on model complexes have given detailed insight into the effect of 
the ligands on the reduction potential of [4Fe-4S]2+ clusters. For thiolate ligands the 
Ej/2 of the 2-/3- redox process correlates linearly with the Taft σ* and the Hammett On 
constants 1 7 - 1 8 d . Electron donating groups were found to lower the reduction potential, 
because they stabilize the 2+ oxidation state more than the 1+ oxidation state. 
In a similar way, the effects of the solvent1 8 (dielectric constant, donor number, and 
hydrogen bonding) and p H 1 9 (proton binding and ligand exchange) have been 
explained. 
It was also suggested that π-interactions can influence the redox potential of iron-
sulfur clusters. These interactions, which were studied for rubredoxins 2 0 and 
rubredoxin models 2 1, may also exist in other iron-sulfur proteins. 
Subsite-differentiation 
Apart from electron transport, the cubane clusters can also act as Lewis acid catalysts. 
An example is aconitase2 2. In Figure 2 the proposed mechanism for the conversion of 
citrate to isocitrate in the Krebs cycle is presented. It is clear that the iron center, where 
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the conversion takes place, is structurally different from the other irons. Such [4Fe-4S] 
clusters are called subsite-differentiated clusters. 
A 3:1 subsite-differentiated cluster was also suggested to be present in E. coli sulfite 
reductase2 3. In the proposed structure a siroheme is connected with a unique iron site, 
probably through a bridging sulfur. 
Recently, proteins containing a cubane-like [3Fe-4S] cluster missing one iron were 
discovered 2 4 . In beef heart aconitase and other proteins, the active [4Fe-4S] and 
nonactive [3Fe-4S] clusters are interconvertible, and the conversion reactions are 
subsite specific25. It is also possible to insert another metal into [3Fe-4S], yielding a 
cubane heterometal cluster, [MFe3S4]. Such reactions have been carried out with an 
iron-sulfur protein from Desulfovibrio gigas, using Co(II) 2 6, Zn(II) 2 7 , and Ni(II) 2 8 
metal ions. Synthetic heterometal clusters can also be prepared by self assembly 
reactions or by the insertion of a metal in a linear [Fe3S4]1+ cluster29. 
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Figure 2. Proposed mechanism for the conversion of citrate into isocitrate by aconitase (ref. 22). 
Due to the lability of the ligands for substitutions, it is difficult to synthesize subsite-
differentiated model clusters in solution. Holm 3 0 elegantly solved this problem by 
making use of the cavitand principle of Cram 3 1 . The cavitand cluster compounds 
prepared by this group (see Figure 3) were able to react specifically at the unique 
subsite. 
6 Chapter 1 
Figure 3. Subsite-differentiated cluster compound of Holm. (ref. 30). 
Subsite-differentiated [4Fe-4S]2+ clusters linked to an iron complex via a pyridine-4-
thiolate bridge34 and a sulfide bridge35 were prepared as models for sulfite reductase. 
Holm's ligand is also capable of capturing heterometal clusters36. 
Other subsite-differentiated cluster complexes have been reported based on a 
macrocyclic polyether tri thiol37 and a triazacyclane tri thiol38. The disadvantage of the 
synthetic subsite-differentiated clusters described in literature is that it is difficult to 
derivatize the ligand in such a way that the redox potential of the cluster can be 
modulated. 
It should be mentioned here, that the [4Fe-4S] core has also been incorporated in a 
concave tetrathiol ligand39 and a modified cyclodextrin40. Furthermore, it has been 
imbedded in micelles41 and immobilized on solid supports42. 
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1.2.4 Super clusters 
Enzymes like nitrogenases, hydrogenases, sulfite reductases, and carbonmonoxide 
dehydrogenases contain iron-sulfur clusters with spectroscopic properties different 
from the clusters described above4 3. Furthermore, they have a high iron and sulfur 
content4 4. All these enzymes catalyze redox reactions of simple substrates (Scheme 1). 
It is assumed that they have larger clusters in their active centers than the iron-sulfur 
proteins of which the structures have been solved4 4. These superclusters are able to 
donate or accept more than one electron. 
The existence of superclusters in proteins was proposed by Hagen et al. They presented 
strong spectroscopic evidence for the occurrence of a prismane [6Fe-6S] cluster in a 
protein isolated from Desulfovibrio vulgaris*5' ^6. The same type of cluster may also be 
present in Fe-hydrogenases47. The X-ray structure of the so-called FeMo cofactor from 
Azobacter vinelandii proved unequivocally that large iron-sulfur clusters in metallo 
enzymes exist48. 
In the following, one of the most interesting proteins proposed to contain 
superclusters, viz. nitrogenase, is discussed in more detail. 
Hydrogenase: 2Η* + 2e" ^ Г " * " Нг 
Carbonmonoxide dehydrogenase: r.n2 + 2H*+ ge"^r~*"~ CO + H2O 
Sulfite reductase: SO52" + 6H*+6e" •« **- Э^+НгО 
Nitrogenase: N2 + 2H + +8e' , *" 2 NH3 
Scheme 1. 
Nitrogenase 
There are several bacteria and blue-green algae that can fix molecular nitrogen. 
Nitrogen fixation is an important step in the nitrogen cycle, providing nitrogen for 
plant nutrition. The process is very intriguing, because molecular nitrogen is almost 
as inert as a noble gas. In spite of the fact that the overall formation of ammonia from 
nitrogen is exothermic by approximately 50 kj mol'l, the large triple bond energy (945 
kj mol~l) of the latter molecule makes the activation energy very large. The well 
known Haber process requires a pressure of 20 MPa and a temperature of 500° С to 
proceed, even in the presence of a catalyst. It is of great interest to know how plants 
manage to perform the reaction at atmospheric pressure and 25° C. This would allow 
the construction of synthetic catalysts that can operate under the same conditions. The 
need of nitrogen compounds for industrial and agricultural use is huge. In 1974 
approximately 175 million metric tons of nitrogen were fixed by organisms and about 
50 million metric tons via the Haber industrial process. 
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The active enzyme in nitrogen fixation is nitrogenase49. It has not a unique structure, 
but it differs somewhat from species to species. The site where molecular nitrogen is 
reduced to ammonia contains iron and molybdenum and is called the FeMo cofactor 
(FeMoco)50. The presence of molybdenum is not strictly required. Some nitrogenases 
contain vanadium51 instead of molybdenum, and others do not contain other metals 
than iron52. 
Recently, structures for the FeMoco and for the so-called P-clusters, also involved in 
the nitrogen fixation, of Azobacter vinelandii, were proposed, based on 2.2 Â 
resolution density maps4 8 (Figure 4). There has been a lot of speculation about the 
mechanism of this process53. The discussion would certainly benefit from good 
structural models. These however, are not yet available54. 
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Figure 4. Proposed structures for )he FeMo cofactor (left) and the P-clusters in nitrogenases (right). 
1.3 Aim and outline of the thesis 
In the last decades, a lot of progress has been made regarding the understanding of the 
function of iron-sulfur proteins. Much more remains to be done however, especially 
in the field of subsite-specific [4Fe-4S] proteins, the [6Fe-6S] cluster proteins, and the 
proteins containing other superclusters. These topics may profit from the study of 
synthetic model systems. 
In the Department of Organic Chemistry of the NSR center at the University of 
Nijmegen, a lot of experience is available with respect to the design and synthesis of 
molecules, containing a cleft or cavity. The Department of Inorganic Chemistry has a 
long tradition in the preparation and electrochemical characterization of redox active 
compounds. This combination of knowledge is ideal for developing models of iron-
sulfur proteins. 
As mentioned in the previous section, only a few synthetic compounds have been 
reported that mimic the properties of subsite-differentiated [4Fe-4S] proteins. So far, 
little progress has been made with regard to the modulation of the redox potential of 
these clusters systems. One of the goals of the research, described in this thesis, is to 
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prepare 3:1 subsite differentiated clusters, of which the redox potential can be tuned by 
changes in the ligand system. For this purpose we designed tripodal ligands based on 
the concave molecule cyclotriveratrylene (CTV, 5). These ligands possess the proper 
preorganizaron to capture an [4Fe-4S] cluster. 
In Chapter 2 the synthesis of the ligand systems is described, as well as the formation 
of clusters of the type [(CTVS3)Fe4S4L], with L being a ligand attached to the unique 
iron and CTVS3 being a tripodal ligand derived from cyclotriveratrylene55. 
Chapter 3 deals with ligand substitution reactions at the unique iron site: 
[(CTVS3)Fe4S4L] + L' -> [(CTVS3)Fe4S4L'] + L 
In this way a series of new cluster compounds could be synthesized. It will be shown 
that the nature of L affects the redox potential of the clusters. 
In Chapter 4 we present the results of a study aimed to tune the redox potential of the 
clusters by derivatizing the tripodal CTV ligand. The electronic properties of the ligand 
and the effect of hydrogen bonding will be described. 
The unique iron site in [(CTVS3)Fe4S4L] compounds can be used to bind [4Fe-4S] 
clusters to other interesting metal centers. In Chapter 5 we present a [4Fe-4S]-iron 
porphyrin assembly, which might serve as a model for sulfite reductase. 
A contribution to the chemistry of super clusters is given in Chapter 6. The results of 
our efforts to encapsulate the metastable prismane [6Fe-6S] cluster in the newly 
prepared tripodal CTV ligands will be described. 
In order to completely encapsulate a [4Fe-4S] cluster we prepared a cryptand from two 
cyclotriveratrylene moieties This cave molecule contains three coordinating sulfur 
sites, that can bind a cluster in a 3:1 site-differentiated fashion. This work is reported in 
Chapter 7. 
The research described in this thesis is mainly explorative and is primarily focussed on 
providing the tools for developing novel, biologically relevant models of iron-sulfur 
proteins. 
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CHAPTER 2 
Model systems for 3:1 subsite-differentiated 
[4Fe-4S] proteins 
2.1 Introduction 
The iron sites in naturally occurring [4Fe-4S] clusters are necessarily inequivalent 
because of the asymmetric protein mantle that surrounds these clusters. Recently, 
evidence has been presented in literature that [4Fe-4S] centers in certain proteins and 
enzymes indeed have subsites with different structural and reactivity properties1. This 
has evoked interest in the development of synthetic models that mimic this feature. 
The first site-differentiated model clusters, viz. [Fe4S4Cl2(SPh)2]2" and [Fe4S4Cl3 
(diethyldithiocarbamate)]2" were structurally characterized in the solid state2. Due to 
their substitutional lability, these clusters disproportionate in solution to statistical 
mixtures. 
The first subsite-differentiated cluster compound that does not disproportionate in 
solution was that obtained from the reaction of the nonapeptide BOC-(Gly-Cys(SH)-
Glyb-NH2 with [F^S^StBu^] 2 - 3 . It was noted that the peptide might bridge between 
different clusters to give a polymeric complex, a possibility that could not be ruled out 
by spectroscopic methods. According to NMR, the product [Fe4S4(BOC-(Gly-Cys(S)-
Glyb-NI-^XS^u)]2" exhibited the correct ratio of peptide to t-butylthiolate, but it was 
not possible to isolate the cluster. 
Other complexes have been reported, based on peptides with 3 cysteinyl residues. 
These clusters are mixtures of isomers with the peptide holding the [4Fe-4S]2+ core as a 
tridentate, bidentate, and monodentate ligand4. 
To circumvent the problems with the peptide based thiols, Holm's group used the 
cavitand concept of Cram5, and synthesized the tripodal ligand 1, which has the ideal 
preorganization for binding a [4Fe-4S]2+ cluster6 . In this way the formation of 
polymers can be avoided as was proven by X-ray analysis. 
In order to investigate the effects of the size and conformation of the ligand, Holm's 
group also synthesized a cluster based on the macrocyclic polyether trithiol 2 7. 
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The disadvantage of all the above ligand systems is the lack of possibilities to vary the 
parameters which are important for the modulation of the redox potential of the 
cluster compounds. These parameters being the number of hydrogen bonds, the 
hydrophobicity of the environment, and the electron density on the [4Fe-4S] core. For 
this purpose we designed a tripodal ligand system based on the building block cyclotri-
veratrylene (4_). This molecule has a rigid, 
bowl-like shape and possesses trifold 
symmetry 9 . The functionalization of the 
cyclotriveratrylene frame-work with 
arms that have terminal thiol groups 
provides a suitable chiral ligand system. 
These ligands are chiral because the con­
formational inversion of their 9-membered ring is very slow at room temperature. 
The activation barrier for the crown-to-crown interconversions have been found to be 
approximately 27 kcal mol"1. This means a racemization half-life of ca. 1 month at 
20°C9. By varying the arms and changing the methoxy group for another substituent, 
we may be able to modulate the redox potential of the cluster. In principle the ligand 
can also be modified to give a water soluble cluster. 
In this Chapter we describe the synthesis and characterization of ligand system 5 and 
the more acidic ligand system 6 and their use in the preparation of 3:1 subsite-
differentiated cluster compounds. The corresponding monothiols were also prepared 
and used as reference compounds. 
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2.2 Results and discussion 
2.2.1 Ligand synthesis 
Cyclotriveratrylene (CTV) is the major condensation product of 
the veratryl cation 7 under acidic conditions, irrespective of C H p ^ ^ ^ O f e * 
reaction conditions. When the condensation reaction is carried •^ss.J' 
CH;P ^ 4 ^ 
out in organic solvents the tetramer cyclotetraveratrylene 
(CTTV) is also formed in reasonable amounts. It is not clear yet 
whether the product distribution, i.e. the ratio of CTV and 
CTTV reflects a thermodynamic equilibrium or is the result of a kinetically controlled 
process, driven by crystallization. We believe that the latter explanation is the most 
likely one, because when we kept cyclotetraveratrylene under acidic conditions, which 
favours the cyclic trimer, the CTTV product could not be detected. This result is in 
contrast to findings of Robinson 1 0 who claimed that the dimer tetramethoxy-
diphenylmethane reacts with formaldehyde to give cyclotriveratrylene instead of 
cyclotetraveratrylene. This would require a back formation of the veratryl cation. This 
was discounted by Lindsey11 and later also by Umezawa1 2 and Arcoleo13. 
For the preparation of cyclotriveratrylene derivatives several strategies can be 
employed9. It is possible to start from a substituted diphenylmethane, which can be 
converted into cyclotriveratrylene derivatives by condensation with 1,2 disubstituted 
benzenes. For reasons of simplicity however, we chose the trimerization route, which 
involves the condensation of 3,4 disubstituted benzenes with formaldehyde or the 
condensation of 3,4 substituted benzyl alcohols. The ortho position to the benzylic 
cation must be activated towards electrophilic attack by a strong electron donating 
group para to this ortho position. As the former procedure can yield two regioisomers 
(Scheme 1) if the aromatic molecule contains different substituents χ and y, the latter 
procedure is the most suitable one for the preparation of cyclotriveratrylene 
derivatives. 
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Scheme 1. Trimerization of a 1,2 substituted benzene with formaldehyde in the presence of acid, 
yielding two regioisomers. 
We first tried a condensation reaction with functionalized benzyl alcohols fi. However, 






Ligands 5 and è were conveniently prepared as shown in Scheme 2. Vanillyl alcohol 9 
was protected on its phenolic hydroxyl function with an allyl group to give Щ. The 
latter molecule was trimerized in the presence of perchloric acid as reported by 
Collet1 4. The resulting tris(O-allyl) ether of cyclotriguaiacylene Ц was deprotected by 
using Pd(OAc)2- This method gave higher yields (96%) than Pd/C (80%) used by 
Collet 1 4. The racemic cyclotriguaiacylene 12 cannot be obtained by trimerization of 
vanillyl alcohol itself as in that case an intractable material is obtained14. 
For the alkylation of cyclotriguaiacylene with 1,2-dibromoethane and α,α'-dibromo-m-
xylene different procedures were tested. Refluxing the reagents in acetone with 
potassium carbonate gave yields of 24% and 45%, respectively. Other reaction 
conditions, e.g. potassium hydroxide in DMSO, potassium carbonate in DMF, sodium 
hydride in DMF, tetrabutylammonium hydroxide in chloroform, potassium 
hydroxide in an ethanol water mixture and triethylamine in THF did not improve the 
yields. When the alkylation with 1,2-dibromoethane was carried out in an aqueous 
sodium hydroxide solution under phase transfer conditions the yield increased to 
66%. 
Different methods for the synthesis of thiols from halides are described in literature15. 
SN2-type displacements with various sulfur nucleophiles are most commonly used. 
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We first tried the reaction with cesium thiocarboxylate16 to introduce a protected thiol. 
This resulted in the formation of the corresponding thioacetates in 54% yield. 
Hydrolysis of the thioester to the thiol with sodium methanolate was only successful 
for the alkylester. In the case of the benzylic ester no product could be detected. The 
deprotection of the latter molecule could be achieved, however, with lithium 
aluminium hydride or hydrochloric acid. To avoid the "stenchy" side products that 
accompany the above mentioned reactions we eventually turned to sodium dimethyl-
dithiocarbamate17as the reagent to introduce the sulfur. Subsequent reduction with 
lithium aluminium hydride followed by acidic work up gave the desired trithiols 5 
and 6· The yields were relatively low, probably because the thiolates are able to cleave 
aryl ethers18. Acidic deprotection19, however, did not improve the yields, probably 
because of the acid labile aryl ether functionality. The relatively low yield of 6 is due to 
the acid lability of the benzyl aryl ether linkage. During purification by column 
chromatography this linkage is partly hydrolyzed. Other purification methods were 
not successful. 
The ligands were fully characterized by spectroscopic methods and elemental analyses. 
2.2.2 Synthesis of the cluster compounds 
Thiolate ligated cubane type [4Fe-4S] clusters can be synthesized from elemental sulfur, 
ferrichloride and thiolate in a process called self assembly. Other clusters can be 
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synthesized from these clusters via ligand exchange reactions which in fact are acid-
base equilibrium reactions. A volatile thiol forming precursor ligand such as t-
butylthiolate is most commonly used20, because it can be removed in vacuo, thus 
driving the reaction to completion. It is also possible to start from a tetrachloro ligated 
cluster, viz. [Fe4S4Cl4], which is prepared by the reaction of a thiolate cluster with an 
acid chloride. This procedure is especially useful when less acidic alkyl thiols21 are 
involved. 
Exchange reactions of [Fe4S4Cl4]2" with 1 equivalent of 5 or è and 3 equivalents of a 
base (tetrabutylammonium hydroxide or sodium methanolate) were conducted under 
a nitrogen atmosphere in dilute Ν,Ν-dimethylformamide or dimethylsulfoxide 
solutions (10~3 M), to avoid the formation of polymers. Upon mixing of the reactants 
the color of the reaction mixtures immediately changed from purple-brown to yellow-
brown. After the addition of diethylether black solids precipitated, which were 
identified as 17 and 18, respectively (see below). 
Sfeu 
12:Х = -СН2СІ-І2- U:X= -СН2СНг-
1J:X= т-СНгСвНіСНг- 2_&Х = ят-СНгОаНдСНг-
In a similar way black precipitates of 19 and 20 were formed by treating [Бе454(5'Ви)4]2_ 
with 1 equivalent of 5 or 6 under dynamic vacuum. In the case of 5 the difference in 
acidity between t-butylthiol and the ligand thiol groups is not as large as in the case of 
6. Nevertheless, the substitution reactions proceeded smoothly because the volatile t-
butylthiol is removed by the applied vacuum. Furthermore, the chelate effect will also 
favor the formation of the products. 
Complexes 1 7 - 2 0 are very soluble in DMSO and reasonably soluble in DMF but 
insoluble in most common organic solvents such as chloroform, toluene, acetonitrile, 
acetone, diethylether, THF and hexane. 
3:1 subsite-differentiated clusters 23 
The counter ions used were either tetrabutylammonium or tetraphenylphosphonium 
cations. In the case of tetraethylammonium cations the products were completely 
insoluble. 
Carrying out the reactions with an excess of ligand in more concentrated solutions 
resulted in the formation of an insoluble, probably polymeric product. 
When we used acetonitrile as the solvent to perform the exchange reactions, the 
product precipitated with ether was no longer soluble in acetonitrile. Remarkably, no 
spectroscopic differences were observed between the reaction mixture in acetonitrile 
and the precipitate dissolved in DMF or DMSO. The reason may be that precipitation 
from acetonitrile induces the formation of aggregates. The observed change in 
solubility may also be due to some unknown interaction of the solvent with the 
cluster. In this context it is worth mentioning that according to Holm et al. a large 
excess of chloride ions is required to obtain a sharp wave in the cyclic voltammogram 
(CV) of [Fe4S4Cl4]2" in DMSO, indicating that there is an equilibrium between 
coordinating solvent and chloride ions22. Furthermore it should be noted that we 
were never able to remove all the acetonitrile or DMF from the clusters, as indicated 
by NMR. Evidence of strong solvent cluster interactions also comes from 
electrochemical measurements. At low temperature, the dependence of the half-wave 
potentials of cluster compounds on temperature is no longer linear, which points to 
an equilibrium reaction between the clusters and solvent molecules (see Chapter 4). 
Blonk has shown that the reaction entropies for the reduction of [Fe4S4(SR)4p- are 
considerably less negative in DMSO and DMF than in dichloromethane23. 
When the reaction of è with [Fe4S4(S'Bu)4]2" was carried out in chloroform, a black 
precipitate was formed immediately. According to UV-vis, CV, and iH-NMR the 
mother liquor contained [Fe4S4Cl4]2" and an unidentified product with E1/2 = -1.44 V 
(vs. Fc°/+). The tetrachloro cluster must have been formed by a reaction with the 
solvent. After redissolving the precipitate in DMF, the CV showed three reversible 
waves with half-wave potentials of -1.33 V, -1.52 V, and -1.63 V (vs. Fc° / + ) , 
respectively, suggesting the presence of a mixture of compounds. In the UV-vis 
spectrum bands typical for [Fe4S4(SR)4]2" complexes were observed at approximately 
300 and 420 nm. In the IR spectrum no Fe-Cl vibration at 352 cm"1 was observed. The 
Ш-NMR spectrum of the precipitate dissolved in DMSO displayed a broad resonance 
at ca. 13.8 ppm which indicates that the tripodal ligand 6_ is coordinating to the [4Fe-
4S] 2 + core {vide infra). 
The CV in dichloromethane of the reaction mixture obtained after the reaction of 6 
with [Fe4S4Cl4]2" in dichloromethane in the presence of _OH ions revealed a multi 
electron reduction at approximately -1.6 V (vs. Fc°/+). We may therefore conclude that 
exchange reactions in dichloromethane give no well defined products. In general we 
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can say that the use of chloroform and dichloromethane is not to be recommended in 
cluster capture reactions. 
2.2.3 Characterization 
In this section we describe the experiments which were performed to investigate 
whether the obtained products are the desired 3:1 subsite differentiated clusters or 
random polymers. We were also interested in the effects of site differentiation on the 
physical properties of the clusters and on the orientation of the cluster core with 
respect to the cyclotriveratrylene cavities. 
Core extrusion 
In biochemistry the presence of a [4Fe-4S] core is often demonstrated by an experiment 
in which the cluster core is extruded. To do this an excess of thiophenol is added 
which results in the formation of the known compound [Fe4S4(SPh)4]2". When we 
performed such an experiment with our complexes the CV's and the NMR spectra 
indicated that [Fe4S4(SPh)4p" was formed24. One should note however, that this result 
does not unequivocally prove the presence of a cubane [4Fe-4S] core since it is 
k n o w n 2 5 that also prismane-like [6Fe-6S] clusters react with thiophenol resulting in 
the formation of [Fe4S4(SPh)4]2". 
UV-vis 
The electronic absorption spectra of a large series of [Fe4S4L4]2" clusters have been 
reported in the literature 2 1 ' 2 6 . For [Fe4S4Cl4]2" in DMF, bands are found at 262, 275, 505, 
and 690 nm. Definite assignment of all the bands is not yet possible but the absorptions 
< 600 - 700 nm probably belong to chloro to core charge transfer interactions. The core 
acceptor orbitals are mainly Fe 3d in character, as can be concluded from the fact that 
the energy shift and intensity of the bands depend on the type of halide in the cluster. 
Upon the reaction of [Fe4S4Cl4]2" with the ligands 5 or 6 the UV-vis changed to a 
spectrum typical for a thiolate ligated cluster and showed absorption maxima at ca. 300 
nm (shoulder) and 420 nm. The products formed in the reaction of ligands 5 or 6 with 
[Ре454(5'Ви)4]2" showed the same electronic spectra. 
After reaction with molecular oxygen, the cluster UV-vis absorption bands 
disappeared, probably because the cluster core degraded. 
NMR 
In the iH-NMR spectra of ferredoxines the CH2-S protons of the cysteinyl residues 
directly bonded to the cluster are visible as broadened resonances at about 10 - 17 
p p m 2 7 . This large downfield shift is due to an antiferromagnetic spin exchange 
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coupling between the iron centers of the [4Fe-4S] cluster. The average magnetic 
moment increases with increasing temperature, and so does the chemical shift. Holm 
proved that for the synthetic clusters this isotropic shift28 is mostly the result of Fermi 
contact interactions rather than dipolar interactions29. 
For our complexes 1 7 - 2 0 we found temperature dependent isotropic shifts in 
accordance with the shifts reported by Holm for comparable ligands (see Table 1). 
Table 1.1H-NMR isotropic shifts of cluster compounds in DMSO-d6. 























-10.5 (SCHj),-1.2 (С(СНэ)а) 
-9.8(ЗСН2),-1.2(С(СНз)э) 
324 -10.6 (SCHá,-1.3 (С(СНз)э) 
a S S 0 = í"a - íbs. 'Taken from reference 27. 
In the NMR spectra of complexes 19 and 20 the resonances of the corresponding 
ligands 5 and £ were clearly visible as was the t-butylthiolate group. For 20 this is 
shown in Figure 1. 
Complexes 17 and 18 displayed slightly different isotropic shifts when compared to 19 
and 20. This sensitivity of the isotropic shift to changes in ligation at the unique site 
was also found for the cluster compounds derived from the trithiols 1 and 36-7 . 
The fact that all complexes showed only one 1 H-NMR signal for the CH2-S protons is 
indicative of a single product with trigonal symmetry. When [Fe4S4Cl4.]2_ was titrated 
with the deprotonated reference ligand т-НБСНгСб^СНгОРЬ we observed different 
(a) 
τ 1 1 1 1 1 1 1 1 1 ι 1 1 1 1 ι 





•Ί 1 1 1 ι 
ТіГ.Υ. , Y 
1S 14 13 12 H 10 9 6 7 6 S 4 3 2 1 О 
Figure 1. 1H-NMR spectra of hgand 5 (a) in CDCI3 and cluster compound 2fi in DMS0-d6 (b). 
Spectrum (b) was recorded at 324 K. Signal assignments are indicated X = impurity. 
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resonances for the CH2-S protons in the NMR spectra for less than 4 equivalents of 
added ligand because a mixture of products is formed. After the addition of 4 
equivalents, only one resonance remained with an isotropic shift comparable to that 
of compound 20. 
The NMR spectra of 12 - 20 revealed that even after exposure to high vacuum some 
DMF was always retained by the clusters (resonances at 2.72, 2.91 and 7.94 ppm). This 
was also found for the macrocyclic [4Fe-4S] cluster compounds of Okuno 3 0. 
13C-NMR data for several synthetic [Fe4S4(SR)4p" clusters have been reported in the 
literature 3 1. Paramagnetic shifts are usually observed. They are also dominated by 
contact interactions, like the proton shifts. The 1 3C-NMR spectra of clusters 17 - 20 
were recorded in DMSO. Due to broadening not all the expected resonances could be 
observed. The signals belonging to the carbons adjacent to the sulfur atoms of the 
ligand were shifted, implying that the thiolate groups are coordinating to iron centers. 
IR 
Compounds 1Z and 18 displayed in their IR spectra a Fe-Cl vibration at 351 cm'1. This 
[Fe4S4a4][PPh4]2 
— 20 
— 18 351 cm" 
.,..^-~—л ff, t \^! l il t • \ 
4000 3500 3000 2500 2000 1500 1000 500 
Vtcn-T1) 
Figure 2. IR spectra of [Fe4S4CI4](PPh4)2, H_ and 2fi. 
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indicates that a chloro ligand is retained in the complexes. The intensity of the band 
was less intense than in the tetrachloro cluster (Figure 2). With other techniques, e.g. 
differential pulse voltammetry (DPV), we confirmed that the Fe-Cl vibration is not 
due to the presence of some unreacted tetrachloro cluster. 
Mössbauer 
The 3:1 differentiation of the iron sites in the solid state is reflected in the 5 7 Fe 
Mössbauer spectrum of IS· At 77 К this compound showed two quadrupole doublets, 
one at 0.32 mm/s (ΔΕς» = 1.15 mm/s) and one at 0.29 mm/s (AEQ = 0.69 mm/s), in a 3:1 
ratio. Product 2Û exhibited only one quadrupole doublet with an isomer shift of 0.51 
mm/s and a quadrupole splitting of 1.33 mm/s (Figure 3). This is probably due to the 
fact that the subsites have only small differences in isomer shift and quadrupole 
splitting. The isomer shifts are typical for a [4Fe-4S] cluster core in the +2 oxidation 
state8-32. 
For both complexes a broadening of the natural line width is observed from 0.26 
mm/s (full width half maximum) to approximately 0.49 mm/s. This line broadening 
may be explained by variations in the electric field to which the iron atoms are 
subjected, causing slight differences in quadrupole splitting. These electric field 
variations could be a consequence of the fact that the measured solids were 
amorphous. This explanation is supported by the fact that the quadrupole splitting of 
[Fe4S4(S'Bu)4]2" is counterion dependent, which is rationalized in terms of 
perturbations exerted by these cations on the field gradient at the iron centers323. To 
eliminate the electric field variations we also measured compound IS in a frozen 
DMSO solution. This did not give better results, probably due to the absorption of 
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Figure 3. Mössbauer spectra of cluster compounds 20 (a) and l a (b) at 77 K. 
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Electrochemistry 
Half-wave potentials 
The electrochemical behavior of clusters 17 - 2Q was studied using different electrodes, 
viz, platinum, gold, edge-plane graphite and basal-plane graphite. With a platinum or 
gold working electrode hardly any current response was observed in the cyclic 
voltammograms (CV, Figure 4a). With the use of an edge-plane graphite electrode the 
current response improved considerably and for the 2-/3- redox transition of Ifi a half-
wave potential (E1/2) of -1.69 V (DMF, vs. Fc°/+) was determined. This potential is in 
between the redox potential measured for the reduction of [Fe4S4Cl4]2~ (-1.35 V) and 
the one measured for [Fe4S4(SCH2C6H 4CH 2OPh)4] 2- (-1.80 V) under the same 
conditions. Also with a basal-plane graphite working electrode a measurable current 
response was obtained, although less than with an edge-plane electrode. Compound 18 
showed only one reduction peak in the differential pulse voltammogram (DPV), 
indicative of a single substance, whereas [Fe4S4Cl4]2" that had partly reacted with the 
analogous monothiol ligand НБСНгСб^ЦСНгОРЬ gave rise to more than one 
reduction peak, due to the occurrence of a mixture of mono, di, tri and tetra 
substituted products. For a polymer such an intramolecular mixture of various 
substituted clusters would result in a DPV with a multiplet of waves. 
The half-wave potential of compound 2Ü. was observed at -1.78 V. The current 
response showed the same behavior as that of lfi· The redox behavior of the clusters 
with the alkyl spacers (17 and 1£) was very similar to the behavior of the clusters with 
the xylylic spacers (Table 2). 
(a) (b) 
EM E (V) 
Figure 4. Cyclic voltammograms of 2fl in DMF without a promoter present (a) and with a promoter 
(Ba2+) after 1,10 and 25 scans (b). Pt working electrode, potential vs. Fe""*. 
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Promoter effect 
A considerable increase in the current response and a decrease in the cathodic to 
anodic peak separation (ΔΕ
ρ
) in the CV's of cluster compounds 17 - 2fl was observed 
after the addition of a promoter 3 3 like Ba2 + (Figure 4). The function of a promoter is to 
reduce the electrostatic repulsion between the electroactive species and the electrode. 
We think that without a promoter the cluster complexes 17 - 2Q are oriented with their 
convex side facing the electrode surface. As a result electron transfer is hampered. In 
the presence of a promoter the complex changes orientation due to an inversion of the 
polarity of the double layer and electron transfer is facilitated as is depicted in Figure 5. 
Martens et al.3i showed by Scanning Tunneling Microscopy and Scanning Electron 
Microscopy that barium cations are indeed located on the negatively charged electrode 
surface. 
Figure 5. Onenlation of the cluster compounds on the electrode surface 
without and with the promoter ions (Ba2+) present 
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With a promoter present we could also use a platinum or a gold working electrode. 
With the graphite electrodes, a promoter is not strictly needed as without it there is a 
reasonable current response. This observation may indicate that specific interactions, 
e.g. π-π interactions, between the electrode surface and the cluster compounds are 
operative, which give rise to orientations so that electron transfer is possible3 5. The 
response of the basal-plane electrode may be ascribed to structural defects introduced 
in the manufacturing of this electrode or during the polishing process. 
In line with results reported for some negatively charged metalloproteins3 6 and a 
semi-encapsulated cluster based on diphenylglucoluril 3 7 the optimal promoter 
concentration for Ba2 + was found to be approximately 20 mM for all four electrodes 
used. To obtain the same effects with Na + , a 50 times larger amount of this ion was 
required. This is also in accordance with results found for proteins3 3- 3 8 and is as 
expected for a cation with a lower charge. 
With the promoter present the redox reactions were chemically reversible as could be 
deduced from the anodic to cathodic peak current ratio of 1.0. 
All compounds showed an irreversible oxidation at approximately -0.2 V, 
immediately followed by a multi-electron oxidation. For these oxidation reactions no 
effect of the type of working electrode was observed. The addition of a promoter had 
no influence, which indicates that the point of zero charge had been passed. 
Modulation effect 
The redox potential of complexes 17-20 shifted 70 mV when Ba2 + was added.This 
means that the promoter also has a modulating effect and hence must be located in 
the neighborhood of the cluster compounds. This positive shift is probably due to the 
electron withdrawing effect of the barium ions, forming a complex with the cluster 
compounds. As can be seen in Table 2, the presence of oxygen atoms is important for 
the formation of this complex. 
Furthermore, one can conclude from this Table and the studies of Hi l l 3 6 and 
Martens 3 7 that an improvement in the response only occurs if the redox active species 
possesses a dipole. For the spherically ligated cluster compounds in Table 2 no 
improvement of the current response is visible after the addition of the promoter. For 
the oxygen containing clusters a decrease of the peak separation was observed, 
probably because after the addition of Ba2 + a radial diffusion, due to a limited number 
of active sites on the electrode, changes to a more linear diffusion process, due to a 
homogeneous covered electrode. The addition of barium cations was found to have 
no observable effect on the NMR and UV-vis spectra of 17 - 20. 
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Table 2 Electrochemical properties of cluster compounds in DMF 
Compound E1/2(áE,AnVjW Response improvement 
after addition of Ba2* 
0mMBa2 + 25mMBa 2 t 20mMBa2+ 
[Fe4S4L4j2 
-1 52 (60) no 
•1 Θ0 (75) no 
177(100) "О 
1 77 (120) no 
•1 61 (20) yes 
-1 62 (5) yes 
1 72 (10) yes 
1 70 (30) yes 
"2-/3 Reduction in V at 25 % vs fé"*, using a edge-plane graphite working electrode Between brackets are the peak 
separations in mV 
Peak current ratios of the forward scan and backward scan are close to unity 
Adsorption 
All the redox reactions, both with and without promoter, were controlled by 
adsorption This was indicated by the linear responses of ipc on the scan rate, the small 
ΔΕη values, and the higher current response when the number of scans was increased 
(Figure 4b) Due to a lateral interaction between the electroactive species the peak 
separation (ΔΕ
ρ
) will never become the theoretical zero value Hill et al38a interpreted 
the promotion of the cyclic voltammetnc response of 2[4Fe-4S] ferredoxm from 
Clostridium pasteurianutn in terms of two processes first the formation of a 1 1 
protein-promoter complex in the bulk and secondly the transfer of an electron to this 
complex at the electrode surface From the magnitude of the calculated standard Gibbs 
energies of adsorption a reversible weak physical adsorption of the complex was 
suggested A computer simulation was carried out 3 9 and the conclusion drawn was 
L=SPh -1 52 (60) -1 52 (60) 
L=S(CH2)pPh -180(80) -180(75) 
с н р ^ * ^ 
SfCH-fcO v*^  
-180(120) -177(105) 
L= I J -182(160) 177(120) 
1 1 -1 68 (60) -1 64 
Lfi -1 69 (70) -1 65 
19 -1 80 (70) -1 77 
Z& -1 78 (80) -1 74 
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that the "four-state" model of the adsorbed protein-promoter complex and the lateral 
interaction should be taken into consideration in order to reproduce the characteristics 
of the observed cyclic voltammograms. Assuming that the wrongly orientated clusters 
are the unreactive oxidized (2-) and unreactive reduced species (3-) and that the 
clusters with the right orientation with respect to the electrode surface are the reactive 
species it may be possible to simulate the observed cyclic voltammograms for our 
products. 
EPR 
Clusters 17-20 were EPR silent as expected for compounds with a [4Fe-4S]2+ core. They 
are diamagnetic (S=0) because they are composed of two ferric-ferrous mixed valence 
dimers (S=9/2), which couple antiferromagnetically. After reduction of the clusters in 
DMF typical [4Fe-4S]1+ core signals could be detected. From the presence of a signal in 
both the g=2 region (axial-like) and the g=5 region (Table 3, Figure 6) we can conclude 
that the reduced compounds are physical mixtures of pure S=V2 and S= 3 /г clusters, as 
has been reported for other synthetic [Fe4S4(SR)4]3~ clusters in frozen solution4 0. The 
signals in the g=5 region are somewhat obscured by a rhombic signal at g=4.3. This 
signal, which belongs to an iron impurity is always found in synthetic iron-sulfur 
compounds. 
From the EPR spectra we can conclude that the [4Fe-4S] core in complexes 17-29. are 
still intact and can be reduced to the 1+ oxidation state. Variation of the ligand at the 
unique iron site (CI vs. S*Bu) resulted in a slight variation of the g values (Table 3). 
The rather poor signal to noise ratio is due to practical problems. The EPR spectra were 
measured in situ with the help of an electrochemical EPR cell, which was difficult to 
tune. Furthermore, the compounds were reduced in a dilute (Ю-3 M) DMF solution 
with a gold electrode without the presence of a promoter. Using a gold electrode the 
reduction is not reversible, and hence the process can not be performed in a controlled 
way. This may also be the reason why the signal of an organic radical species at ca. 
g=2.00 is visible in the spectra (Table 3). Maybe we could improve the spectra by 
reducing the clusters chemically with, for example, sodium acenaphthylenide. 
In the solid state clusters with a pure spin (S=1/2 or S= 3 /г) or with spin admixed 
systems are possible. In the latter case the magnetic properties of the ground state S=V2 
(antiferromagnetic coupling of a S=9/2 ferric-ferrous mixed valence dimer with a S=4 
ferrous-ferrous dimer) and S= 3 / г are quantum mechanically mixed. Until now spin 
admixed systems have not been encountered in naturally occurring [4Fe-4S] clusters. 
They have however been found for e.g. the synthetic [Fe4S4(SCH2C6Hs)]3_ cluster, with 
48% S=V2 (g=2) and 52% S=3/2 (g=5), as was ascertained with magnetic susceptibility 
measurements 4 0 3 . In the solid state the ground spin state is highly sensitive to the 
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environment so in future studies it would be of interest to measure the EPR spectra of 




Figure 6 In situ X-band EPR spectra of the reduced cluster compounds 18 (a) and 2fi (b) in 
DM F at 12 К acquired with modulation amplitudes of 10 and 20 G, respectively, and a 
microwave power of 40 mW 
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[Fe4S4(SCH2Ph)4]3" in DMF are taken from ref. 41a. 
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FAB MS 
Recently, it was shown that Fast Atom Bombardment Mass spectroscopy can be 
employed to analyze simple [4Fe-4S] clusters4 1. In the case of [4Fe-4S] clusters with 
macrocyclic tetrathiol ligands however, Okuno et al. were unable to detect the 
negative ion spectrum 3 0 3. In the negative mode we observed for compound 20 a peak 
at m/z = 532 ((M-2Fe-2S)2"?). The peak with the highest intensity was found at m/z = 
145. Unfortunately we were not able to assign most of the peaks in the spectrum of 20. 
In the positive mode we could observe the peak which belongs to the counter ion. The 
peak with the highest molecular weight was found at 630 (M 2 + ?). The next peak in 
line was 584 ((M-SfBu)2+ ?). No peaks were observed that correspond with peaks in the 
spectrum of the ligand system. It is clear from these results that no conclusions can be 
drawn, but for the low m/z values it seems likely that we are not dealing with 
polymeric material. Due to reactions with oxygen and with the acidic matrix (3-
nitrobenzylalcohol) the compound was probably decomposed. In view of these 
negative results no attempts were made to measure the FAB MS spectra of clusters 17 -
19. 
Orientation of the cluster core with respect to the cavity of the ligand 
To investigate whether the unique ligand is pointing toward or away from the cavity 
of the CTV unit we performed exchange reactions at the unique iron site. The 
reactions were monitored with cyclic voltammetry and ^H-NMR spectroscopy. 
Addition of sodium thiophenolate or sodium dimethyldithiocarbamate to either 17 or 
18 (Ei/2 = -164 and -1.65 respectively) gave, according to the CV, no reaction, even 
when a large excess of reagent was used. Reaction with OH" gave products with 
reversible waves at -1.77 and -1.74 V (20 mM Ba2+), respectively. Probably the chloro 
ligand is substituted by a hydroxo ligand. In conclusion, reactions of the tripodal 
ligands with [Fe4S4Cl4]2" give products with the chloro ligands pointing toward the 
cavity of the CTV units. This suggests the formation of a complex before the 
coordination takes place. It is known that CTV derivatives can form complexes with 
halogen containing compounds, e.g. chloroform. Apparently, the unique iron is 
shielded and can only react with small reagents like OH". 
Reaction of 2Л with 1 equivalent of thiophenol yielded a product with a redox 
potential of -1.68 V (20 mM Ba2 +), indicative of substitution of the S*Bu group by a 
thiophenolate. Reaction of 20 with 1 equivalent of benzoyl chloride, gave a product 
which showed a redox potential at -1.63 V (20 mM Ba2+). This result suggests that the t-
butylthiolate group of 20 is substituted by a chloro ligand. Support for this comes from 
the disappearance of the t-butyl resonance in the NMR spectrum and the appearance 
of a Fe-Cl vibration at 351 cm - 1 in the IR spectrum. In contrast to 18, the newly formed 
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Purity of the compounds 
According to NMR and DPV all clusters were pure. Due to their air sensitivity 
however, it was difficult to obtain satisfactory elemental analyses. After sampling, 
visual inspection showed that the clusters were contaminated with iron oxide. This 
was not the case when the compounds were handled under an inert atmosphere. 
These analyses gave the best results. Furthermore, the presence of various cations 
(like Na+) and colloidal impurities such as iron sulfides and iron oxides make this 
problem even more difficult. Other research groups have experienced similar 
difficulties and very often data are published without elemental analyses6- 30- 37<43 or 
the analyses display large differences between calculated and found percentages8' 30a. 
We believe that our elemental analyses, given the impurities present, support the 
assigned structures of our compounds. 
2.3 Conclusions 
Unfortunately, we were not able to obtain crystals of 1Z - 20 that were suitable for X-ray 
analysis. From the results presented in this Chapter we may conclude that the 
reactions of the CTV ligands 5 and fi_with [Fe4S4X4p" give 1:1 products. For these 
preorganized trithiols, tripodal binding seems to be preferred over binding that leads 
to polymeric structures. The preorganization is not too critical as complexes could be 
prepared with spacers of different geometry. 
Interestingly, reaction of the ligands with [Fe4S4Cl4]2~ gives clusters with the chloro 
ligand pointing toward the cavity of the CTV unit. 
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The reaction of 5 and 6 with [Fe4S4(S'Bu)4]2" yields complexes with the unique iron 
pointing away from the cavity, probably because the t-butyl group can not fit in the 
cavity of the ligand. 
Only with compound 20. was it possible to perform ligand exchange reactions 
exclusively at the unique iron site. This regioselectivity opens the possibility to 
prepare complexes with a great variety of unique ligands. This in turn makes it 
possible to investigate the effect of the unique ligand on e.g. the half-wave potential of 
the clusters (Chapter 3). 
2.4 Experimental 
Materials 
Unless otherwise indicated, commercial chemicals were used as received. All 
manipulations involving compounds containing a [4Fe-4S] cluster core were carried 
out under an inert atmosphere. All solvents were distilled under a nitrogen 
atmosphere. DMF was predried over activated BaO and distilled under reduced 
pressure. Diethylether was washed with a solution of 6 g of FeSC»4 and 6 ml of 
concentrated H2SO4 in 100 ml of water, predried over СаСІг and distilled from sodium 
benzophenone ketyl. Acetonitrile was purified by distillation from СаНг-
Dichloromethane was washed with concentrated H2SO4, water, 5% aqueous KOH, 
water, and subsequently dried over CaSC»4 and distilled from P2O5. Elemental sulfur 
was purified by sublimation under reduced pressure. Ferrocene was sublimed before 
use. 
For column chromatography Merck silica gel 60H was used. TLC analyses were 
performed on Merck Kieselgel 60 F254 plates. 
Physical measurements 
UV-vis spectra were recorded on a Perkin Elmer Lambda 5 spectrometer. 1 H - and 1 3 C -
NMR spectra were obtained on a Bruker WH-90, a Bruker WM-400 and a Bruker AC-
100 instrument. Chemical shifts are given relative to tetramethylsilane. FAB-MS 
spectra were recorded on a VG 7070E instrument using 3-nitrobenzyl alcohol as the 
matrix. The IR-spectra (Csl pellet technique) were measured on a Perkin Elmer 1720-X 
Infrared Fourier Transform spectrometer. Melting points were measured on a 
Reichert-Jung hot stage mounted on a microscope and are reported uncorrected. 
Mössbauer spectra were determined at the Kamerlingh Onnes Institute of the 
University of Leiden with a constant-acceleration spectrometer equipped with a 57Co 
source in a Rh matrix. Powder samples were dispersed in boron nitride and sealed in 
brass rings with kapton windows. Isomer shifts are reported relative to Fe metal at 298 
K. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) measurements 
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were performed with an EG & G Princeton Applied Research Model 273 
Electrochemistry System, using a conventional three-electrode configuration with a 
platinum auxiliary electrode, and either a platinum, or gold, or edge-plane graphite, or 
basal-plane graphite working electrode. The working electrodes were polished before 
use, using 0.3 μτη aluminum oxide followed by sonication. In DMF an Ag/AgCl (0.1 M 
LiCl) reference electrode was used, in acetonitrile a Ag/Ag+ (0.1 M AgNOß) electrode 
and in dichloromethane a Ag/AgI (0.02 M ВщЫІ/О.І M Bu4NPF6) electrode. The half-
wave potentials are reported relative to the ferrocene/ferricenium couple measured 
under the same conditions. In all solvents tetrabutylammonium hexafluoro 
phosphate (0.1 M B114NPF6) was used as the supporting electrolyte. The concentration 
of the electroactive species was between 0.1 and 1 mM. Unless otherwise indicated the 
scan rate for the cyclic voltammetry measurements was 100 mV/s and for the 
differential pulse voltammetry measurements 10 mV/s. Elemental analyses were 
carried out on a EA 1108 Carlo Erba instrument. Fe analysis was carried out at the 
Analytical Laboratory, Engelskirchen, FRG. EPR spectra of 0.1 - 1 mM solutions in 
DMF were measured at X-band frequencies on a Bruker ESP 300 spectrometer equipped 
with a helium continuous flow cryostat. For these experiments a two-electrode 
electrochemical EPR cell (SEERS cell) was constructed as published4 4. The working 
electrode was a gold helix (1 m length, 0.56 mm diameter) and the combined reference-
auxiliary electrode a platinum wire. The cell was used in combination with a PAR 
174A Polarographie analyzer. Outside the EPR cavity a V
a
 - E1/2 test line was made for 
the SEERS cell by the method published 4 5 . V
a
 is the maximum of the DP 
voltammogram as obtained with this cell, and E1/2 is the half-wave potential as 
obtained from a normal three-electrode cell. 
Preparation of the compounds 
Ligand syntheses 
(±) 2,7,12-Trimethoxy-3,8,13-tris(2-propenyloxy)-10,15-dihydro-5H-tribenzo[a,d,g]cyclo 
nonene (C3-tris-(0-Allyl)-cyclotriguaiacylene, 11). 
This compound was synthesized according to a literature procedure4 6. 
(±) 2,7,12-Trihydroxy-3,8,13-trimethoxy-10,15-dihydro-5H-tribenzo[a,d,g]cyclononene 
(cyclotriguaiacylene, 12). 
A solution of 24.3 g (0.046 mol) of Ц , 300 mg of triphenylphosphine, 22 g of tri-
methylammonium formiate and a catalytic amount of palladium(II) acetate in 350 ml 
of acetonitrile and 80 ml of water was refluxed for 2 hrs., untili the solution became 
clear. After evaporation of the acetonitrile, the solution was extracted with ethylacetate 
and subsequently washed with water, and with brine, dried (Na2SC»4), filtered, and 
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concentrateci in vacuo to ca. 80 ml. The product was precipitated with n-hexane and 
after filtration recrystallized from CH2CI2 yielding 96% of a white product. The NMR 
spectrum of the compound was in agreement with the literature4 6. 
(±) 2,7,12-Tris-(2-bromoethoxy)-3,8,13-trimethoxy-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononene (13). 
A solution of 18.0 g (0.32 mol) of potassium hydroxide, 15.0 g (80.7 mmol) of 1,2-
dibromoethane, 3.0 g (6.15 mmol) of cyclotriguaiacylene and 1.0 g (4.4 mmol) of 
triethylbenzylammonium chloride in 100 ml of water was stirred for 1 week at room 
temperature. The solution was extracted with CH2CI2. After evaporation of the 
solvent and the excess of 1,2-dibromoethane the product was purified by column chro­
matography (silica, eluent: CH2CI2), giving 2.96 g (4.06 mmol, 66 %) of a white solid. 
iH-NMR (100 MHz, CDCI3): δ 3.56 (t, 6H, CH2Br, J = 6 Hz), 3.45 (d, 3H, H e q , J = 14 Hz), 
3.62 (s, 9H, OCH3), 4.27 (t, 6H, OCH2, J = 6 Hz), 4.58 (d, 3H, H a x , J = 14 Hz), 6.78 (s, 3H, 
ArH), 6.82 (s, 3H, ArH). 13C-NMR (CDCI3): δ 29.1 (CH2Br), 36.4 (CH2), 56.2 (OCH3), 69.8 
(OCH2), 113.8 (ArCH), 117.8 (ArCH), 131.7 (ArCCH2), 133.8 (ArCCH2), 145.9 (ArCO), 
148.9 (ArCO). Anal, caled for C30H33O6S3: %C, 49.41; %H, 4.56. Found: %C, 49.91; %H, 
4.55. FAB-MS: m/z = 730 (M)+. 
(±)2,7,12-Tris-[2-(N,N-dimethyldithiocarbamato)ethoxy]-3,8,13-trimethoxy-10,15-
dihydro-5H-tribenzo[a,d,g]cyclononene (15). 
To a solution of 2.2 g (3.0 mmol) of Ц in 50 ml of acetonitrile was added 2.15 g (15.0 
mmol) of sodium dimethyldithiocarbamate dihydrate. The resulting mixture was 
stirred for 8 hrs. at room temperature. After evaporation of the solvent the product 
was purified by column chromatography (silica, eluent: ethylacetate-hexane = 4:1 v/v, 
Rf = 0.32), giving 2.01 g (2.37 mmol, 79 %) of a white solid. 
Mp 84 °C. Ш-NMR (90 MHz, CDCI3): δ 3.38 (s, 9H, NCH3), 3.55 (s, 9H, NCH3), 3.55 (d, 
3H, H
e q , J = 14 Hz), 3.66 (t, 6H, CH2S, J = 6 Hz), 3.81 (s, 9H, OCH3), 4.26 (t, 6H, OCH2, J = 6 
Hz), 4.74 (d, 3H, H
a x
, J = 14 Hz), 6.95 (s, 3H, ArH), 7.22 (s, 3H, ArH). 13C-NMR (CDCI3): δ 
35.5 (CH2S), 36.3 (CH 2), 41.6 (NCH 3), 45.5 (NCH3), 56.5 (OCH3), 67.4 (OCH2), 113.7 
(ArCH), 115.2 (ArCH), 131.7 (ArCCH2), 132.5 (ArCCH2), 146.3 (ArCO), 147.9 (ArCO), 
196.4 (SC(S)). Anal, caled for C39H51O6S6N3: %C, 55.09; %H, 6.05; %S, 22.63; %N, 4.94. 
Found: %C, 54.15; %H, 5.79; %S, 22.00; %N, 4.80. FAB-MS: m/z = 850 (M+H)+. 
(±)2-[7,12-Bis-(2-mercaptoethoxy)-3,8,13-trimethoxy-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononen-2-yloxy]-ethanethiol (5_). 
Under a dinitrogen atmosphere 0.75 g (1.06 mmol) of 15. was dissolved in 25 ml of 
dichloromethane. To this solution was added 75 ml of diethylether and 1.2 g (31.6 
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mmol) of lithium aluminium hydride. After refluxing for 2 hrs. the solution was 
acidified using a 6N aqueous HCl solution. The mixture was extracted with 
dichloromethane and the organic layer was washed with water (3x), dried (Na2S04) 
and evaporated to dryness. The product was purified by column chromatography 
(silica, eluent: chloroform-methanol = 98:2 v/v, Rf = 0.66), giving 266 mg (0.46 mmol, 
43 %) of a white solid. 
Mp 58 °C. 1H-NMR (400 MHz, CDCI3): δ 1.64 (t, 3H, SH, J = 8 Hz), 2.85 (dt, 6H, CH2S, J = 
6 Hz, J = 8 Hz), 3.54 (d, 3H, H
e q , J = 14 Hz), 3.84 (s, 9H, OCH3), 4.10 (t, 6H, OCH2, J = 6 Hz), 
4.75 (d, 3H, H
a x
, J = 14 Hz), 6.78 (s, 3H, ArH), 6.82 (s, 3H, ArH). 13C-NMR (CDCI3): δ 23.8 
(CH2S), 36.4 (CH 2 ), 56.2 (OCH3), 71.5 (OCH2), 113.8 (ArCH), 116.7 (ArCH), 131.8 
(ArCCH2), 132.2 (ArCCH2), 146.4 (ArCO), 148.7 (ArCO). Anal, caled for C30H36O6S3: %C, 
61.20; %H, 6.16; %S, 16.34. Found: %C, 61.04; %H, 6.19; %S, 16.13. FAB-MS: m/z = 588 
(M+). UV-vis (CH3CN): Xmax 234 nm (ε= 29.000), 288 nm (ε= 10.300). 
(±) 2,7,12-Tris-(3-bromomethylbenzyloxy)-3,8,13-trimethoxy-10,15-dihydro-5H-
rribenzo[a,d,g]cyclononene (14). 
A solution of 1.0 g (2.5 mmol) of cyclotriguaiacylene in 50 ml of acetone was added to a 
solution of 6 g (23 mmol) of α,α-dibromo-m-xylene and 5 g of potassium carbonate in 
100 ml of acetone. After refluxing for 8 hrs. the solvent was evaporated. The resulting 
solid was boiled in hexane for 5 min., filtered off while hot, and subsequently extracted 
with dichloromethane. After evaporation of the solvent the product was purified by 
column chromatography (silica, eluent: CH 2C1 2, short column), giving 1.05 g (4.81 
mmol, 45%) of a white solid. 
!H-NMR (90 MHz, CDCI3): δ 3.46 (d, 3H, H
e q , J = 14 Hz), 3.71 (s, 9H, OCH3), 4.46 (s, 6H, 
ArCH2Br), 4.70 (d, 3H, H a x , J = 14 Hz), 5.08 (s, 6H, OCH2Ar), 6.68 (s, 3H, ArH), 6.82 (s, 
3H, ArH), 7.33 (s, 9H, XylH), 7.42 (s, 3H, XylH). 
Anal, caled for С48Н45ОбВг3: %C, 60.21; %H, 4.74. Found: %C, 59.45; %H, 5.01. FAB-MS: 
m/z = 958 (M+). UV-vis (CH3CN): A™
ax
 247 nm (ε=108.000), 292 nm (ε=68.400). 
(±) 2,7,12-Tris-[3-(N,N-dimethyldithiocarbamato)methylbenzyloxy]-3,8,13-trimethoxy-
10,15-dihydro-5H-tribenzo[a,d,g]cyclononene (16). 
To a solution of 1.0 g (1.04 mmol) of 14 in 25 ml of acetonitrile was added 1.0 g (7.0 
mmol) of sodium dimethyldithiocarbamate dihydrate. The resulting mixture was 
stirred for 8 hrs. at room temperature. After evaporation of the solvent the product 
was purified by column chromatography (silica, eluent: ethylacetate-hexane = 1:1 v/v, 
short column), giving 0.76 g ( 0.73 mmol, 72%) of a white solid. 
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Ή-NMR (90 MHz, CDCI3): δ 3.25 (s, 9H, NCH3), 3.42 (s, 9H, NCH3), 3.3 (d, 3H, H e q ) , 3.71 
(s, 9H, OCH3), 4.55 (s, 6H, CH2S), 4.6 (d, 3H, H a x ) , 5.07 (s, 6H, OCH2), 6.89 (s, 3H, ArH), 
6.99 (s, 3H, ArH), 7.46 and 7.64 (s, 12H, XylH). 
(±) {3-[,7,12-Bis-(3-mercaptomeÜiylbenzyloxy)-3,8,13-trimethoxy-10,15-dihydro-5H-
tiibenzo[a,d,g]cyclononen-2-yloxymethyl]-phenyl}methane thiol (fi). 
Under a dinitrogen atmosphere 1.0 g (0.93 mmol) of 16 was dissolved in 25 ml of 
dichloromethane. To this solution was added 75 ml of diethylether and 0.5 g (13.1 
mmol) of lithium aluminium hydride. After refluxing for 2 hrs. the solution was 
acidified with a 6N aqueous HCl. The mixture was extracted with dichloromethane 
and the organic layer was washed with water (3x), dried (Na2SC>4), and evaporated to 
dryness. After digestion in ether the product was purified by column chromatography 
using a short column (silica, eluent: chloroform-methanol = 97:3 v /v , Rf = 0.40), 
giving 515 mg ( 0.63 mmol, 68 %) of a white solid. 
1H-NMR (90 MHz, CDCI3): δ 1.72 (t, 3H, SH), 3.43 (d, 3H, H
e q ) , 3.73 (d, 6H, CH2S), 3.72 (s, 
9H, OCH3), 4.68 (d, 3H, Hax), 5.07 (s, 6H, OCH2), 6.68 (s, 3H, ArH), 6.83 (s, 3H, ArH), 7.27 
and 7.34 (m, 12H, XylH). 1 3C-NMR (100 MHz, CDCI3): δ 28.6 (CH2S), 36.4 (CH2), 56.2 
(OCH3), 72.0 (OCH2), 110-116 (ArCH), 127.4 (ArCCH2), 128.2 (ArCCH2), 146.0 (ArCO), 
148.4 (ArCO). Anal, caled for C48H48O6S3: %C, 74.96; %H, 6.29; %S, 12.51; found: %C, 
75.04; %H, 6.22; %S, 12.32. FAB-MS: m/z = 816 (M+). 
Syntheses of the cluster complexes 
[Fe4S4(S'Bu)4](Bu4N)2, [Fe4S4(StBu)4](Ph4P)2, [Fe4S4(StBu)4](Me4N)2, [Fe4S4Cl4](Bu4N)2, 
and [Fe4S4Cl4](Ph4P)2 were prepared as described in the literature 2 1 3 ' 4 7 . 
The cluster compounds depicted in entries 2 - 4 of Table 2 were synthesized as 
described in Chapter 4. 
All cluster compounds showed in the UV-vis spectra (DMF) absorption maxima at ca. 
290 nm (50.000 M^cm"1), 300 nm (sh, 25.000 М-ІспИ), and 420 nm (15.000 M^cnv1). 
Compounds 17 and 18. 
To a solution of 0.1 mmol of [Fe4S4Cl4]2~ and 0.1 mmol of ligand S or 6. in 100 ml of 
DMF was added, while stirring, 3.7 ml of a 0.082 M solution of ВщІЧЮН in methanol. 
Subsequently 100 ml of ether was carefully added. After diffusion of the ether in the 
DMF layer a black precipitate was formed in 80-90% yield. 
17(Bu4N)2:1H-NMR (90 MHz, 298 K, [2H6]DMSO) δ 0.9 (24H, NCH 2 CH 2 CH 2 CH 3 ), 1.3 
(16H, NCH 2 CH 2 CH 2 CH 3 ), 1.6 (16H, NCH 2 CH 2 CH 2 CH 3 ), 3.2 (16H, NCH 2 CH 2 CH 2 CH 3 ), 
3.5 (3H, H
e q ) , 3.7 (9H, OCH3), 4.1 (6H, OCH2), 4.5 (3H, H a x ) , 7.1 (6H, ArH), 13.5 (br, 6H, 
CH2S). Anal, caled for C62H105O6S7 Fe 4N 2Cl: %C, 51.08; %H, 7.26; %S, 15.39; %N, 1.92. 
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Found: %C, 50.78; %H, 6.57; %S, 14.10; %N, 1.62. N:S:C:H = 1.9:7.1:68.1:105. Visual 
examination of the sample showed it to be contaminated with iron oxide. 
18(Bu4N)2: Ш-NMR (90 MHz, 298 K, [2H6]DMSO) δ 0.9 (24H, NCH 2 CH 2 CH 2 CH 3 ), 1.3 
(16H, NCH2CH2CH2CH3), 1.6 (16H, NCH2CH2CH2CH3), 3.2 (16H, ІчіСНгСНгСНгСНз), 
3.4 (3H, H
e q ) , 3.7 (9Н, ОСН3), 4.6 (ЗН, Н а х ) , 5.1 (6Н, ОСН2), 7.0 - 7.3 (18H, АгН and 
ХуІЯ), 13.8 (6Н, CH2S). 
Compounds 19 and 20. 
A solution of 0.1 mmol of [Fe4S4(S fBu)4]2~ and 0.1 mmol of ligand 5 or è in 100 ml of 
DMF was stirred for 3 hrs. under reduced pressure. Subsequently the complexes were 
isolated as described for 17. and IS in 80-90% yield. 
19(Bu4N)2: Ш-NMR (90 MHz, 298 К ,[2H6]DMSO) δ 0.9 (24H, NCH2CH2-CH2CH3), 1.3 
(16H, NCH 2CH 2CH 2CH3), 1.6 (16H, NCH 2 CH 2 CH 2 CH 3 ), 2.7 (9H, SC(CH3)3), 3.2 (16H, 
NCH2CH2CH2CH3), 3.5 (3H, H
e q ) , 3.7 (9H, OCH3), 4.1 (6H, OCH2), 4.7 (3H, H a x ) , 7.1 (6H, 
ArH), 13.4 (br, 6H, CH2S). 
20(PPh4)2: iH-NMR (400 MHz, 298 K, [2H6]DMSO) δ 2.7 (9H, SC(CH3)3), 3.4 (3H, H e q ), 3.7 
(9H, OCH3), 4.7 (3H, H
a x
) , 5.3 (6H, OCH2), 7.0 - 7.2 and 7.3 (18H, ArH and XylH), 7.6 - 7.9 
(40H, P(C 6 H 5 ) 4 , 13.5 (6H, CH2S). Ή-NMR (400 MHz, 330 K, [2H6]DMSO): δ 2.8 (9H, 
SC(CH3)3), 3.6 (3H, H e q ) , 3.9 (9H, OCH3), 4.7 (3H, H a x ) , 5.2 (6H, OCH2), 6.9 - 7.1 and 7.4 
(18H, ArH and XylH), 7.6 - 7.9 (40H, P(C6H5)4,14.3 (6H, CH2S). 13C-NMR of 2Q(Bu4N)2 
(100 MHz, 298 K, [2H6]DMSO): δ 16.8 (CH3, counterion), 22.8 (CH2, counterion), 26.6 
(СНз, counterion), 38.5 (CH2-bridge), 59.5 (CCH3), 61.4 (NCH 2), 66.6 (OCH3), 74.0 
(OCH 2 ) , 117.8 (ArCH), 119.4 (ArCH), 130-140 (ArCCH 2 , ArCO). Anal, caled for 
CiooH9406S8Fe4P2-l-5DMF (NMR): %C, 61.43; %H, 5.15; %S, 12.55; %N, 1.03. Found: 
%C, 57.11; %H, 4.59; %S, 11.31; %N, 0.90. N:S:C:H = 1.6:8.1:109.1:104.5 (caled: 1.5: 
8:104.5:104.5). Visual inspection of the sample showed it to be contaminated with iron 
oxide. 
Substitution reactions. 
The exchange reactions were all performed in the electrochemical cell or in a NMR-
tube, and the spectra were recorded in situ. The products obtained from these reactions 
were not isolated, except for the product of the reaction below. 
Reaction of 20 with benzoyl chloride. 
To a solution of 0.1 mmol of 2Q in 100 ml of DMF was added, while stirring, 0.1 mmol 
of benzoyl chloride. 100 Ml of ether was added and the complex was isolated as 
described for 17. and IS- Yield 80-90%. 
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Ш-NMR (400 MHz, 298 K, [2H6]DMSO): δ 3.4 (3H, H e q ) , 3.7 (9H, OCH3), 4.6 (ЭН, H a x ) , 
5.1 (6H, OCH2), 7.0 - 7.3 (18H, ArH and XylH), 7.6 - 7.9 (40H, Р(СбН5)4/13.5 (6H, CH2S). 
Anal, caled for C96H8506S7Fe4ClP2-1.5 DMF (from NMR): %C, 60.67; %H, 4.84; %S, 
11.28; %N, 1.06; %Fe, 11.23. Found: %C, 60.65; %H, 5.28; %S, 11.25; %N, 0.96; %Fe, 9.22. 
N:S:C:Fe:H = 1.3:6.4: 92.1:3.1:95.5 (caled: 1.5: 7:104.5:4:95.5). 
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CHAPTER 3 
Subsite specific reactions at the unique iron 
site of a [4Fe-4S] cluster 
3.1 Introduction 
[Fe4S4L4] cluster compounds can easily undergo Iigand substitutions with 
nucleophiles. These reactions can be used to prepare new cubane cluster compounds 
with various kinds of ligands in high yields1. The Iigand exchange reactions are 
equilibria and can be driven to completion in various ways, viz. by using a volatile 
leaving Iigand, an excess of incoming Iigand, or by forming a stable product, which is 
not reactive towards the newly formed cluster compound, from the leaving Iigand. 
The substitutional lability of the clusters and the fact that the reactions are almost 
independent of the nature of the other ligands present, means that it is not possible to 
limit the substitutions to only one iron site. In the previous Chapter we showed that 
the subsite-differentiated cluster compound 1 can be selectively substituted at the 
unique site. A similar result was obtained by Holm2 and Evans3 for their 3:1 subsite-
differentiated cluster compounds. As mentioned in Chapter 1, we can use this 
regiospecifity to investigate the effect of an unique Iigand on the electron distribution, 
the redox potential, and the stability of the clusters. Furthermore, it can be used to 
introduce a second center of chirality in compounds of type 1, to immobilize these 
compounds on a support or in vesicles or to rnake them water soluble. Another 
interesting possibility is to bridge two cubane clusters or to bridge a cubane cluster with 
another metal containing moiety. It is also worthwile to sort out the catalytic 
properties of the site-differentiated compounds. 
In this Chapter we report on Iigand substitution reactions carried out with cluster 
compound 2 in order to investigate what ligands can be bound and what their effect is 
on the half-wave potential. We used complex 2 instead of 1, because the chloro Iigand 
in the former compound is a better leaving group than the thiolate Iigand in the latter. 
Furthermore, we describe in this Chapter the synthesis of a novel MoFe3S4 cluster 
based on the cyclotriveratrylene framework. 











3.2 Results and discussion 
3.2.1 Exchange reactions 
In order to have a fast screening method the following procedure was followed: 
different ligands L' were added to a 7.8 ΙΟ"4 M solution of cluster 2 in DMF containing 
0.1 M of tetrabutylammonium hexafluorophosphate and 20 mM barium perchlorate. 
With some ligands, a base was added to deprotonate the ligand. Subsequently a 
differential pulse voltammogram (DPV) was measured. This technique proved to be 
more effective than cyclic voltammetry (CV) because of the small differences in half-
wave potentials of the 2-/3- redox reactions of the resulting products. The barium ions 
were added to improve the current response (see Chapter 2). For comparison, most 
ligands were also reacted with [Fe4S4Cl4]2" in a similar procedure. The reactions are 
proposed to proceed as shown in Scheme 1. No indications of incomplete substitution 
or cluster degradation were observed, unless reported explicitly. 
In the discussion of the electrochemical characterization we will concentrate on the 2-
/3- (2+/1+ for the cluster core) redox reactions. Although we were sometimes able to 
observe the mainly irreversible 3-/4- (1+/0) redox transitions, the corresponding 
reduction potentials are not reported. Because of the solvent used, it is to be expected 
that no well-defined oxidation to the 1- (3+) state will take place. We therefore did not 
investigate the 2-/1- transitions of the cluster compounds. 
In some cases the UV-vis spectra were recorded, but spectral changes upon 
substitution were not observed. 
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Scheme 1. 
4 L " 
[Feßßrf' [Fe^tf4""2 '" 
[Fe^CTVSáClf [Fe4S4(CTVSáLfrH-1)· 
Thiolates 
In biological systems the protein ligands to [4Fe-4S] clusters are almost exclusively 
cysteinyl residues. As a consequence thiolates are the most intensively investigated 
class of ligands for iron-sulfur clusters. Various kinds of thiolates have been bound to 
the cluster core, with the aim of revealing the parameters that govern the redox 
potential, e.g. the electron donating capacity4 and the hydrophobicity5 of the ligand L'. 
In Table 1 the half-wave potentials of the first core reduction step (2+/1+) are reported 
for a series of thiolate liga ted cluster compounds. These half-wave potentials are all 
more negative than the potentials found for the corresponding chloro clusters and lie 
in the range reported for other thiolate coordinated [4Fe-4S] cores1. The variation in 
the potential is larger for the [Fe4S4L'4] clusters than for the [Fe4S4(CTVS3)L'] clusters, 
because in the former case all four ligands are substituted, and in the latter case only 
one ligand. 
Compared to the other thiolate ligands, in the case of L' = NH2CH2CH2S- a large 
difference in redox potential is observed for the [Fe4S4L'4]2" cluster compound but not 
for the [Fe4S4(CTVS3)L']2' cluster compound (entry 5, Table 1). This difference could 
be caused by an interaction of the amino functionality with the cluster core. Aniline, 
triethylamine, and lithium amide gave no reaction with either [Fe4S4Cl4]2_ or 2. From 
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Tablel Half-wave potentials ( vs Fc0/4) for the reduction of [4Fe-4sJ+clusters in DMF 
E1/2/V Е г/ 3 











































2^0 mM Ba(CIO ài was added " 3-/4 Reduction 
this we may conclude that the unprotonated amino function does not coordinate to 
the cluster core This leaves open the possibility of the electronic difference between 
the neutral electron donating amine and the positively charged electron withdrawing 
ammonium group In the synthesis of the cluster compounds a base was added to 
deprotonate the thiol and amino group It is very likely that in the case of the reaction 
of +NH3CH2CH2SH with [Fe4S4Cl4]2" not enough base was added to deprotonate the 
amino group 
The bulky tntyl thiol ligand (entry 8, Table 1) did not react with even one of the iron 
sites of the [Fe4S4Cl4p~ cluster, whereas it was reactive toward [Fe4S4(CTVS3)Cl]2" We 
have no explanation for this behavior 
Para substituted phenolates 
[4Fe-4S] Clusters with phenolate ligands are known in the literature6 As phenols with 
various substituents and functionalities are readily available they are suitable 
compounds to study the influence of substituents on the half-wave potential of cluster 
compounds 
Regiospecific reactions 53 
A series of phenols, deprotonated with tetrabutylammonium hydroxide in methanol, 
was added to both compound 2 and [Fe4S4Cl4]2" (Table 2). In the case of the latter 
compound the four substituted products were obtained. For 2 the chloro substituted 
product was observed as well as a small amount of the four substituted cluster. This 
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Figure 1. Hämmert plots for [Fe4S4(p-X-C6H40)4f'* (a) and [Fe 4S»(CTVS3)(p-X-C6H40)f-/3" (b) 
X is indicated in the plot. The σ
ρ
 values are taken from reference 14. 
In Figure 1, Hammett plots of the half-wave potential, measured in DMF vs. the 
Hammett substituent constant Op are given for the two cluster compounds. The 
introduction of an electron releasing substituent shifts the reduction potential to more 
negative values, whereas an electron withdrawing substituent has the opposite effect. 
The tetraphenolate ligated clusters obey the following Hammett equation: E1/2 (vs. 
Fc°/+) = 0.435σ
ρ
 - 1.64 V (R=0.99). The relationship found for the site-differentiated 
clusters is: Ei/ 2 (vs Fc°/+) = 0.114σρ -1.69 V (R=0.97). As expected the effect for the site-
differentiated cluster is approximately 1/4 of the effect measured for the tetra-
substituted clusters. 
The resolution in the DPV measurements was smaller in the case of the site-
differentiated clusters than in the case of the [Fe4S4L'4] clusters. This is probably due to 
adsorption of the former compounds on the electrode surface, giving rise to lateral 
interactions (see Chapter 2). Furthermore, the compounds were measured in situ with 
a large excess of ligand, to drive the reactions to completion. Such a large excess of 
phenolate may cause problems because impurities may be introduced. Further 
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difficulties may arise by the transient binding of small molecules, to the clusters, like 
OH" used to deprotonate the phenols, and CI". Such a phenomenon has been reported 
in the literature for substitution reactions carried out on [Fe4S4(SEthyl)4]2"7. As a result 
only a difference in half-wave potential of approximately 30 mV or more is thought to 
be a significant value. In spite of this, the trend found for the site-differentiated 
clusters (Figure lb) is significant. 
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°20 mM Ba(CIO ¿¡ was added. 
It is known that thiolate ligated [4Fe-4S] clusters also display a linear correlation 
between the half-wave potential (E1/2) of the 2-/3- redox process and the Hammett σ
ρ 
or Taft σ* constants 4 . In DMF the following relations have been reported for 
[Fe4S4(SR)4]2-/3-: E1/2 (vs. SCE) = 0.411a* -1.30 V and E1/2 (vs. SCE) = 0.295σρ -1.04 V. 
Similar linear relationships are found in other solvents8. 
The reaction constant ρ is slightly more positive for the para substituted phenolates 
than for the thiophenolates. This means that it is easier to modulate the redox 
potential of the former cluster compounds than that of the latter. 
The inherently poorer electron donating phenolates (Table 2) gave rise to negative 
shifts compared to the analogous thiophenolates. These results are comparable to 
those obtained for earlier reported clusters and have been explained in terms of a 
greater covalency of the iron phenolate bond7. 
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Bidentates 
Certain hgands are capable of binding to the iron sites of a [4Fe-4S]2+ cluster in a 
bidentate fashion, e g dithiocarbamates for which this was proven by X-ray 
crystallography11 Holm et al studied the effect of the coordination number at a single 
subsite on the electron distribution and reduction potential of the [4Fe-4S] core 2 e As 
compared to monodentate hgands, bidentate hgands raise the electron density m the 
cluster and thus decrease the reduction potential From Mossbauer spectroscopy it was 
concluded that the unique, penta-coordmated iron sites tend to have a more ferric 
character We investigated whether these electrochemical findings also hold for our 






























Table2 Halt wave potentials of the [4Fe-4S]2+/1+cluster cores with bidentate hgands in DMF vs Fc+/D 
^ 0 т М В а ( С Ю J¡> added 
In Table 3 we present the half-wave potentials of [4Fe-4S] clusters obtained after 
reaction of either 2 or [Fe4S4Cl4.]2" with bidentate hgands and the appropriate amount 
of base to deprotonate the hgands (except for entry 17 where we used the sodium salt) 
From this table we conclude that the previously observed trend, that a bidentate mode 
of binding results in lower reduction potentials than a monodentate mode of binding, 
is evident for both the CTV based clusters and the clusters coordinated by four 
bidentate hgands 
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In the NMR spectrum of the product obtained after the reaction of 2 with dimethyl-
dithiocarbamate, the dimethyldithiocarbamate protons are shifted to approximately 7.5 
ppm (partly obscured by signals from the tetraphenylphosphonium counter ion). 
DP voltammograms recorded from the reaction mixtures of [Fe4S4Cl4]2~ showed that 
the intensity of the product peaks decreased when more than four equivalents of the 
bidentate ligands were added, and other peaks appeared. From this we conclude that 
reaction of the bidentate ligands, especially the dianions, with the tetrachloro 
compound leads to core degradation. 
Bridging ligands 
In iron-sulfur proteins containing two or more [4Fe-4S] cores a magnetic interaction is 
often found between these cluster cores in the 1+ state9. If two identical electro-active 
centers are present in one molecule we could observe either a one-electron transition 
with double amplitude or, if the centers influence each other, two one-electron 
transitions. This influence may be electrostatic in nature or be the result of overlap of 
cluster orbitals. Holm synthesized a series of dithiolate bridged bis-cluster compounds 
based on a tripodal ligand and investigated this cluster interaction by electrochemical 
means
2 c
. For these compounds the interactions between the cluster cores, measured as 
the peak separations of the successive reductions (ΔΕ1/2), are distance dependent. The 
maximum effect was obtained with a sulfide bridge, which had the smallest distance 
(7.5 Â). For distances larger than 11 Â no interaction was measured. A similar result 
was reported by Coucouvanis10. 
The DP voltammogram of an in situ prepared reaction mixture of lithium sulfide and 
2 showed the appearance of two reduction potentials, one at -1.57 V and one at -1.64 V, 
indicating the formation of a sulfide bridged cluster compound with two one-electron 
transitions. However, after a few scans, both reduction peaks coalesced to -1.59 V, as 
shown in Figure 2. After cleaning the electrode we again obtained a voltammogram 
with two separated peaks. The coalescence of the peaks may be caused by an 
intermolecular interaction between adsorbed molecules, which overrules the 
intramolecular interaction. From the values of the half-wave potentials, we were sure 
that there was no starting compound present. Furthermore, there was a pronounced 
difference between the infrared spectra of 1 and 2 on the one hand and the sulfide-
bridged compound on the other hand. The latter showed broader peaks and an intense 
vibration at 453 cm"1. The above mentioned results are similar to those reported for 
the sulfide bridged cluster [(Fe4S4Cl3)2S]4" of which the bridged structure has been 
proven by X-ray analysis10. 
Our sulfide bridged cluster compound displayed in DMF solution a peak separation 
ΔΕ1/2 of 70 mV. A peak separation of 300 mV has been reported for [(Fe4S4Cl3)2S]4~ in 
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Figure 2. DPV of [^S^CTVSj^S] 4 " 7 5 " in DMF after 1 scan (a) and after 10 scans (b). E is given vs. Fc w+. 
acetonitrilelO. In DMF we measured for [(Fe4S4Cl3)2S]4" a peak separation of 220 mV. 
The sulfide bridged cluster prepared by Holm from a hexasubstituted benzene ligand 
has a peak separation in DMSO of 220 mV2c. For the sulfide bridged macrocyclic 
polyether trithiolate based cluster a peak separation of 130 mV in DMSO has been 
reported2S. From this list of data it is clear that the cluster interaction, as measured by 
the peak separation, is dependent on the solvent and on the other ligands present. 
This suggests that the interaction has an electrostatic component. 
In order to investigate the effect of other bridging ligands than dithiolates, compounds 
3. and 4 (Chart 1) were added to 2· Cyclopentadienyl reacts with the site differentiated 
cluster 2 (vide infra), consequently we used ligand 3 to connect to clusters. The 
resulting product, showed only one reduction wave at -1.76 V, indicating the 
formation of a new complex, however, the cluster cores do not influence each other 
electrochemically. Molybdate, the oxygen analogue of molybdenum tetrasulfide used 
by Holm to bridge two clusters, did not react with 2. under the experimental 
conditions. The addition of molybdenum tetrasulfide resulted in a broad reduction 
wave at -1.79 V. This broadening may be caused by, a slow electron transfer, or it is the 
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Other types of ligands 
In Table 4, the effect of various other types of ligands on the reduction potential of the 
[4Fe-4S]2+ clusters is shown It was not always clear whether the chloro ligands were 
substituted completely The numbers should therefore be taken with caution The 
reduction potentials of the products obtained from the reactions with potassium 
phthahmide were difficult to determine exactly because they appeared as shoulders on 
the reduction peak of phthahmide at -1 94 V It is clear from Table 4 that the electron 
donating and accepting properties determine the potentials For example, for π 
acceptor ligands like cyanide, the reduction potential of the resulting clusters is less 
negative than for electron donating ligands Compared with the related thiolates, 
oxygen ligated cluster compounds showed a positive shift of the reduction potential 
(see also Table 1, 2 and 3) This is a consequence of the smaller electron releasing 
tendency of oxygen, which decreases the electron density on the cluster and makes it 
more easy to reduce the cluster The phenolates are an exception to this rule 






































^20 mM Ва(СІО 4)2 was added b No reaction was observed c Not measured 
Under the experimental conditions, no detectable reaction of [Fe4S4Cl4]2" with 
(НзС)зЫВНз / indole, or tnphenylphosphme was observed within a period of 5 
minutes Reaction with pyridine resulted m a complex mixture, indicative of cluster 
core degradation The addition of cyanide did not lead to any difference in the 
reduction potential, but from the change in color we concluded that the cyanide had 
reacted 
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The chloro ligands of the tetrachloro cluster could not be substituted by one or more 
cyclopentadienyl (Cp") ligands, in contrast to the chloro ligand of the site-differentiated 
cluster which could easily be replaced by the cyclopentadienyl ligand (entry 22 of Table 
4). This result is not surprising because [Fe4S,iCp4] compounds are only stable in higher 
oxidation states 1 1. We assume that the product formed after reaction of 2 with Cp" 
owes its stability to the presence of the trithiolate ligand. This suggests that the 
tridentate ligand not only directs substitution to the unique site but in some cases also 
stabilizes the product. 
3.2.2 Comparison of calculated and measured Ецг values 
Data from ligand substitution reactions in literature and our own data indicate that 
there is a nearly linear relationship between the number of substituted sites and the 




] 2 ~ cluster compounds. 
This additivity of ligand contributions is also found for other electro-active species1 2. 
For a given solvent, the half-wave potential is composed of an intrinsic part (the 
cluster core), and a part that depends upon the ligands. The effect of the tridentate 
ligand can be calculated from the half-wave potential for the reduction of [Fe4S4(m-
БСНгСбЩСНгОРЬ^]2-, which is -1.80 V. This compound contains the same "arms" as 
the tridentate ligand. If we assume that there is no additional effect of the cavity, the 
tridentate CTV ligand will affect the redox potential in the same way as three 
corresponding monothiolate ligands. The contribution of the unique ligand L in the 
CTV-based cluster [Fe4S4(CTVS3)L'] will be 1/4 of the value it has in the [Fe4S4L'4]2-
cluster. We do not know the intrinsic redox potential of the [4Fe-4S] core, but if the 
potential for [Fe4S4L'4]2_ (Ei/2(L'4)) is known, we can calculate the difference in effect of 
one L' and one "arm" (-ги-БСНгСбЩСНгО-) on the half-wave potential of the clusters. 
If we add this difference to the value found for the standard cluster with four "arms", 
we can calculate the theoretical half-wave potential (Ei/2(CTVL') of the 
[Fe4S4(CTVS3)(L')]2- clusters (formula (1)). 
Ei/2(CTVL') = -1.80 + 0.25 ((Ει/ 2(υ 4)- (-1.80)) + 0.07 V (1) 
The constant 0.07 is used to compensate for the effect of barium modulation. If we 
assume that the additivity rule holds for the reduction of [4Fe-4S]2+cores, we can 
compare calculated E1/2 values with measured E1/2 values. 
The results are presented in Table 5. In general we can conclude that the calculated and 
measured values are in good agreement. In Figure 2 a plot of the half-wave potentials 
of [Fe4S4(CTVS3)L'] versus the half-wave potentials of the corresponding [Fe4S4L'4J 
cluster is shown. It is clear that there is a linear relationship between the half-wave 
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potential of a cluster and the ligand substitution. The ligands with the largest 
deviation from linearity (see entries 5, 9 and 27) are ligands which perturbed the 
measurements. 
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Figure 2. Plot of the half-wave potentials of [Fe4S4(CTVS3)L'] versus [Fe4S»L'4]. 
The ligands with the largest deviation from linearity are indicated with their entry 
numbers. 
3.2.3 Synthesis and electrochemical characterization of a MoFejSt cluster 
The heterometal [MFe3S4] clusters are of great biological importance and are therefore 
extensively studied 1 3. The [МоБезБ^ core mimics some of the features of nitrogenase. 
The different reactivity properties of Mo and Fe make it possible to perform site 
specific substitution reactions14. In order to investigate whether the tridentate ligands 
described in Chapter 2 are, like the hexasubstituted benzene based ligand of Holm 1 5, 
capable of capturing a heterometal cubane core, the trifold deprotonated ligand with 
propyl arms (compound fib in Chapter 4) was reacted with [MoFe3S4Cl3(Cl4cat) 
(CH3CN)]2" (CLjcat = deprotonated 1,2-dihydroxytetrachlorobenzene). The coordinated 
solvent molecules in the latter cluster are substitutional^ labile and in rapid 
equilibrium with the bulk solvent molecules. The UV-vis spectrum of the resulting 
compound 5 in DMF, showed absorbance maxima at 290 and 400 nm. These values 
are typical for a [MoFe3S4(SR)3(Cl4cat)(solvent)]2" cluster1 4. Compared with similar 
[4Fe-4S] clusters, the LMCT band showed a blue shift of approximately 20 nm. The 
product was insoluble in acetonitrile. 
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The peaks in the NMR spectrum of the cubane molybdenum iron-sulfur cluster were 
broader than those of the corresponding cubane iron-sulfur cluster and more 
isotropically shifted because of the paramagnetic groundstate of the former compound 
(S=3/2)16. Due to this broadness, the SCH2 signals could not be located and individual 
proton assignments could not be made. 
In DMF, we found a half-wave potential 
for the reduction of compound 5 at -1.77 
V. This is a more negative value than the 
one measured for the starting cluster. 
This negative shift is due to the 
replacement of the chloro ligands in the 
latter cluster by thiolate ligands and is 
always observed with [Fe4S4]2+ a n d 
[MoFe3S4]3+ clusters. These combined 
results suggest that compound 5. is 
formed. The Van der Waals volumes of 
the [4Fe-4S]2+ core and the [Mo3Fe-4S]3+ 
core are similar. The tetrachlorocatecho-
late ligand is too bulky to fit into the 
cavity, hence the molybdenum site will 




Cluster 2 displays subsite-specific reactions with different ligands. This gives access to a 
wide variety of interesting new compounds. It is possible to modulate the redox 
potentials within the range of -1.60 to -1.80 V (vs. Fc°/+) by varying the ligand. The 
value of the redox potential depends on the electron donating and electron 
withdrawing properties of the ligands. With this knowledge a route to tailor-made 
redox catalyst can be designed. 
A linear relationship exists between the number of sites that are substituted and the 
reduction potential of the cluster. To study the effect of the ligands on the electron 
density distribution in the cluster and on the cluster geometry a more extensive study 
using e.g. Mössbauer spectroscopy and X-ray analyses is needed. 
Finally, we may conclude that CTV based ligands are flexible enough to bind a 
MoFe3S4 core. 
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3.4 Experimental 
Materials 
Unless otherwise indicated, commercial chemicals were used as received. All 
manipulations involving compounds containing a [4Fe-4S] cluster core were carried 
out under an inert atmosphere. All solvents were distilled under a nitrogen 
atmosphere. DMF was predried over activated BaO and distilled under reduced 
pressure. Diethylether was washed with a solution of 6 g of FeSÜ4 and 6 ml of 
concentrated H2SO4 in 100 ml of water, predried over СаСІг and distilled from sodium 
benzophenone ketyl. Ferrocene was sublimed before use. 
Physical measurements 
UV-vis spectra were recorded on a Perkin Elmer Lambda 5 spectrometer. ^H- and 1 3 C -
NMR spectra were obtained on a Bruker WH-90, a Bruker WM-400 and a Bruker AC-
100 instrument. Chemical shifts are given relative to tetramethylsilane. The IR-spectra 
(Csl pellets) were measured on a Perkin Elmer 1720-X Infrared Fourier Transform 
spectrometer. Cyclic voltammetry and differential pulse voltammetry measurements 
were performed with a EG & G Princeton Applied Research Model 273 
electrochemistry system, using a conventional three-electrode configuration with a 
platinum auxiliary electrode, and a platinum working electrode. The working 
electrodes were polished before use, using 0.3 μπι aluminum oxide, followed by 
sonication. An Ag/AgCl (0.1 M LiCl) reference electrode was used. The half-wave 
potentials are reported relative to the ferrocene/ferricenium couple measured under 
the same conditions. The scan rate for the cyclic voltammetry measurements was 100 
mV/s and for the differential pulse voltammetry measurements 10 mV/s. 
Preparation of the compounds 
The compounds dilithium dicyclopentadienyldimethylsilane17, [MoFe3S4Cl3(Cl4cat) 
(CH 3 CN)]((CH 3 CH 2 )4N)2 1 8 and [Fe4S4Cl4](PPh4)2 l c were prepared by published 
methods. 
Compound 2 was prepared as described in Chapter 2. 
[MoFe3S4(CTV(0(CH2)3S)3)(Cl4cat)(DMF)]((CH3CH2)4N)2(5) 
The ligand system СТ (0(СНг)з5Н)з was prepared as described in Chapter 4. 
To a solution of 116 mg (183 цтоі) of CTV(0(CH2)3SH)3 and 678 μΐ of 0.81 M n-
BU4NOH in methanol (549 цтоі) in 200 ml of DMF, while stirring, 191 mg (183 цтоі) 
of [MoFe3S4Cl3(Cl4cat)(CH3CN)](Et4N)3 100 ml of ether was added. After diffusion of 
the ether in the DMF layer a black precipitate was formed. The precipitate was filtered 
off and 5 was obtained in 80-90% yield. 
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From NMR it is clear that the product is a mixture of the Et4N+ and the Bu4N+ salts. 
1H-NMR (90 MHz, 298 K, [2H6]DMSO) δ 3.37 (6H, OCH2), 4.74 (9H, OCH3), 7.04 (6H, 
ATH). The cation resonances are omitted. Not all resonances have been located or 
could be assigned. Electrochemical and UV-vis spectroscopy properties are presented 
in the text. 
Substitution reactions. 
A solution of 7.78 10~4 M of 1 in DMF was prepared as described in Chapter 2. To 2 ml 
of this solution was added 2 ml of a solution containing 40 mM of Ba(ClC»4)2 and 0.2 M 
of BU4NPF6 in DMF. Subsequently, 1.1 equivalents of pivaloyl chloride were added. 
This solution was checked with DPV for the presence of 2 and directly used for an 
exchange reaction. The products from the substitution reactions were not isolated 
unless otherwise noted and a DPV was performed in situ. For each reaction a fresh 
solution of 2 was prepared. 
The substitution reactions with [Fe4S4Cl4]2" were performed in an analogous manner 
using a 5 10"4 M solution of cluster and an 0.1 M stock solution of BU4NPF6 in DMF. 
The DPV's were only measured from -1.2 to -2.1 V vs. Fc°/ + . In separate 
electrochemical experiments the redox properties of the free ligands in this potential 
window were defined. 
Thiolates 
To a DMF solution of either 2, prepared as mentioned above, or [Fe4S4Cl4]2" was added 
an excess (ca. 2 equivs.) of the appropriate thiol in DMF. The latter reagent was 
deprotonated with 0.9 equivs. of tetrabutylammonium hydroxide in methanol. In the 
case of thiophenolate a slight excess of sodium thiophenolate, prepared from 
thiophenol and sodium in THF, was added as a solid. 
Phenolates 
To a DMF solution of either 2, prepared as mentioned above, or [Fe4S4Cl4]2" was added 
a large excess (ca. 50 equivs.) of the appropriate phenol in DMF. The latter reagent was 
deprotonated with 0.9 equivs. of tetrabutylammonium hydroxide in methanol. In the 
case of ammonium phenolate, 2 equivs. of base were used. 
Bridging ligands 
To a freshly prepared solution of 2 in DMF 0.5 equivalents of one of the following 
reagents were added: dilithium dicyclopentadienyldimethylsilane, lithium sulfide, 
diammonium molybdenumtetrasulfide, or potassium molybdate. Subsequently, 
DPV's were recorded as described above. 
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Miscellaneous 
To a DMF solution of 2, prepared as mentioned above, one of the following 
compounds were added (1.1 equivalents in the case of Z, 4.4 equivalents in the case of 
[Fe4S4Cl4p"): sodium dimethyldithiocarbamate trihydrate, potassium cyanide, sodium 
cyclopentadienyl, potassium cyanate, or sodium azide. 
In the case of triphenylphoshine, lithium amide, sodium acetate, sodium hydrogen 
sulfide, borane trimethylamine complex, potassium phthalimide, and indole an excess 
of reagent was used. 
The following compounds were added as solutions: tetrabutylammonium hydroxide 
(excess in methanol) or pyrazole (excess in DMF with an excess of sodium hydroxide). 
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CHAPTER 4 
Modulation of the redox potential of 3:1 
subsite-differentiated [4Fe-4S] clusters by 
changes in the tridentate ligand 
4.1 Introduction 
One of the intriguing questions that comes forward in studies on the relationship 
between structure and function of 4-Fe ferredoxins is how the redox potential of the 
[4Fe-4S] cluster is modulated by the protein environment1. Studies on both model 
systems and naturally occurring clusters suggest that this potential depends on the 
electron density on the cluster core and on possible strain exerted by the rigid protein 
environment, in particular when the cluster expands as a result of a change in its 
oxidation state. A general rule is as the more electron density is pushed on to the 
cluster core, the easier it will be to oxidize the core, because the higher oxidation state 
is stabilized. There are a number of tools available to steer the electron density on the 
cluster core and tune its the redox potential. The parameters that are thought to be 
important in the regulation of the redox potential of ferredoxins and synthetic models 
are the solvent, the pH of the medium, the presence of a modulator, the 
hydrophobicity of the surroundings, coordinating ligands, the presence of large π 
systems near the cluster core, and the number of hydrogen bonds between the ligand 
and the coordinating sulfur atoms. 
In the previous Chapters we showed that it is possible to modulate the half-wave 
potential of the first reduction step of a subsite-differentiated [4Fe-4S]2+ cluster by 
changing the ligand on the unique iron site (Chapter 3) or by adding a modulator like 
N a + or Ba2 + (Chapter 2). In this Chapter we will describe how the reduction potential 
can be modulated by modifying the tridentate ligand. 
First we changed the spacer between the cluster core and the cyclotriveratrylene (CTV) 
unit. Secondly we investigated whether hydrogen bonds could cause a change in 
electron donation of the tridentate ligand to the cluster core. Two kinds of hydrogen 
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bridging functionalities were introduced, vtz a hydroxy group and an amide group, in 
both cases by modifying the methoxy group of the CTV unit 
For reasons of efficiency and in order to investigate whether indeed a modulation of 
the redox potential can be expected for the CTV based tnthiols the corresponding 
monothiols were synthesized first and tested 
4.2 Results and discussion 
4.2.1 Ligaría synthesis 
First the spacer length between the CTV unit and the iron-sulfur cluster was varied. 
The target hgands 8a - e and corresponding monothiols 4a - e were prepared in a 
similar way as reported m Chapter 2 for compound Sa, viz starting from guaiacol (1) 
and cyclotnguaiacylene (5), respectively (Scheme 1) Compounds 4Jb_ and 8b_ were 
obtained in lower yields than the other hgands This is due to a β elimination reaction, 
resulting in a stable allyl ether, in both the step where the alkylation of the phenolates 
take place and the thiol deprotection step An additional complication is that in the 
latter case the intermediate thiolate is capable of cleaving the alkyl aryl ether bond 2 As 
found for compound 4a, this gave rise to byproducts which could however be 
separated from the desired products by column chromatography 
Scheme 1 
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The complexes of trithiol 8d were described in Chapter 2. Using this compound and 
compound ge we were able to compare the effect of the different geometries of the 
meta- and para- xylilic spacers on the reduction potential. 
From the intermediate 6a we prepared compounds 5Í and 8g by simple alkylation 
reactions. The corresponding monothiols (4£ and 4g) were not synthesized. 
Compounds 4h and 8h were prepared from the chloro analogues of 2L· and 6_h, 
respectively. The thiol functionality was introduced via a thioacetate. 
To study the effect of hydrogen bonds a number of ligands with the general structure 
o-(HS(CH2)nO)(HO(CH2)mO)C6H4 (13) were synthesized. By varying the spacer lengths 
we hoped to optimize the values of m and η that would give the best match for a 
hydrogen bond. In order to be able to use the same strategy for the synthesis of the 
corresponding CTV-thiol ligands we used the reaction scheme depicted below. 
Scheme 2. 
HO OCH3 О OCH3 ρ он о о. 
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ч (CHsJh, (CHjlb (Сна*,, (CHdh 
I , l i 
HO SC(S)N(CHa>2 HO SH 
The key step in these syntheses is the cleavage of the methyl aryl ether linkage (step 9 
-» 10J· For this purpose we used lithium diphenylphosphide3 which resulted in the 
formation of the desired products in reasonable yields (30-55%). The ligands with m=3 
could also be prepared from the allyl protected guaiacol via a hydroboration reaction4. 
This reaction would have been very useful in the synthesis of the CTV-thiols because 
the allyl protected cyclotriguaiacylene is an intermediate in the synthesis of 
cyclotriguaiacylene. Unfortunately, the studies with 13 were not successful and gave 
no indications of hydrogen bonding (vide infra). Therefore we did not prepare the 
corresponding CTV-thiol ligands. 
a: n=2, m=3 
b: n=3, m=2 
ς n=3, m=3 
ft. n=4, m=2 
β: n=4, m=3 
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The functionality that forms a hydrogen bond to iron-sulfur clusters in nature is the 
amide group. The ligands 18 were prepared in order to mimic this property. The 
thiolate arm has an ethyl spacer. CPK models showed that the geometry and rigidity of 
this spacer is optimal for the formation of a hydrogen bond between the amide and the 
coordinating thiolate sulfur. By varying the para substituent X, we can modulate the 
strength of the hydrogen bond and thus the redox potential of the cluster. 
There are two possible strategies for the preparation of the amide containing thiols. 
The first one starts with the introduction of the protected thiol functionality, 
subsequent removal of the methyl group, and finally the amide spacer is connected. 
An advantage of this strategy is that the amide is introduced in one of the last steps. 
This means that for the preparation of a variety of ligands the same precursor can be 
reacted with different substituted anilines. The second strategy involves the 
introduction of the amide spacer, followed by demethylation, and attachment of the 
thiol spacer. The bottleneck in both strategies is the demethylation step. 
Scheme 3. 
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First bromide 2 was synthesized. It was not possible to demethylate this compound 
with the reagent lithium diphenylphosphide, which we used earlier for the 
preparation of the hydroxy containing thiols, because the phosphide was found to 
substitute the bromide. We therefore had to introduce the thiohydroxyethyl group 
first. The trityl group was chosen to protect the thiol because it is known that this 
group can be removed in the presence of an amide. Unfortunately, we were not able to 
remove the methyl group selectively5 from this compound. When we used lithium 
diphenyl phosphide3 in THF, or borane tribromide6 in dichloromethane, or sodium 
cyanide7 in DMSO, a mixture of products was formed, but the demethylated product 
could not be isolated. Trimethylsilyl iodide6 cleaved the trityl group and lithium 
iodide8 in acetone did not react at all. 
We turned to the second strategy, in which we first alkylated 1 with chloroacetic acid 
to give 14.· This could be achieved by using sodium hydride in DMF as the 
combination of base and solvent. Sodium hydroxide in ethanol and potassium 
carbonate in DMF did not yield the desired product. After this step the activated 
pentafluorophenol ester of 14 was prepared. Aniline and p-methylaniline were 
introduced with the help of the coupling reagent dicyclohexylcarbodiimide9. It 
appeared to be impossible to demethylate 14 first and subsequently introduce these 
groups. Attempts to demethylate 15 with trimethylsilyl iodide were unsuccessful. If 
diphenylphosphide was used, the amide linkage was cleaved. Cyanide ions gave a 
mixture of unidentified products. Eventually, aluminum chloride in toluene proved 
to be a good choice. In this reaction more than two equivalents of reagent was 
required, one equivalent gave no demethylated product at all. The reaction 
temperature was very critical: below 40°C, no reaction took place, between 40 and 50°C 
the product (16) was formed, between 50 and 65°C, a mixture of 1É and guaiacol was 
obtained and above 65°C only guaiacol could be detected. The yield of the reaction 
amounted to 35%, which could be improved further by using aluminum iodide in 
refluxing carbon sulfide (56%). Initially, we tried to introduce the ethylene spacer 
using 1,2-dibromoethane and subsequently reacting the product with a protected thiol. 
This procedure caused cleavage of the amide functionality, so we first substituted 1,2-
dibromoethane with one equivalent of tritylthiolate and afterwards reacted this with 
the alkylated phenol 16., to give 17. This step gave low yields but was not optimized. 
Finally, thiol 18 could be obtained by deprotecting 17 with silver acetate and acidic 
work-up. The followed route appeared to be limited to certain amides e.g. with X=H 
and CH3. The use of an electron withdrawing substituent (e.g. NO2) resulted in the 
cleavage of the amide functionality during the demethylation step. 
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In contrast to guaiacol, cyclotriguaiacylene did not react with 
chloroacetic acid under various conditions to give the CTV 
analogue of 14· Therefore, chloroacetic acid was first coupled to 
aniline and the resulting product reacted with cyclotriguaiacylene 
to give the CTV analogue of 15.. This compound could be 
demethylated with aluminum iodide to give the CTV analogue 
of 16. This compound however, could not be alkylated with 1-
bromo-2-tritylsulfanylethane so we were not yet able to prepare 
CTV-thiol 15-
4.2.2 Synthesis of the cluster compounds 
The cluster compounds were synthesized from [Fe4S4Cl4]2" and [Fe4S4(S'Bu)4]2- via 
stoichiometric ligand substitution reactions. 
Exchange reactions of [Fe4S4Cl4]2~ with 1 equivalent of CTV-thiol and 3 equivalents of 
a base (tetrabutylammonium hydroxide) were conducted under a nitrogen atmosphere 
in dilute DMF solutions (10~3 M), to avoid polymer formation. Upon mixing of the 
reactants the color of the reaction mixtures immediately changed from purple-brown 
to yellow-brown. After addition of diethylether a black solid precipitated. Black 
precipitates were also formed after treating [Ре454(Б'Ви)4]2" with 1 equivalent of CTV-
thiol under dynamic vacuum, followed by the addition of diethylether. The 
monothiols were reacted with 1 equivalent of hydroxide and 1/4 equivalents of 
[Fe4S4Cl4p" in acetonitrile. 
All products were characterized by UV-vis and NMR spectroscopy. The chloro ligand 
present in the products obtained from the reaction of [Fe4S4Cl4]2_ with the CTV-thiols 
was identified by IR spectroscopy (351 cm - 1). The electrochemical measurements 
showed typical half-wave potentials for the expected products (vide infra). The current 
response for all subsite-differentiated clusters was promoted and modulated by the 
addition of metal ions like Ba2+, as found earlier for the clusters ligated by the trithiols 
8b and 8d (Chapter 2). When [Fe4S4Cl4]2" was titrated with less than 4 equivalents of 
monothiolate the DP voltammogram showed 5 peaks, indicating the presence of 
unsubstituted, mono-, di-, tri-, and tetrasubstituted cluster compounds. After addition 
of 4 equivalents all sites were substituted. Titration of [Fe4S4Cl4]2" with the CTV-
thiolates resulted in a decrease in the current attributed to the reduction of the starting 
material and the rise of one new reduction signal. The reaction was completed after 
the addition of 1 equivalent of CTV ligand. All products obtained after treating 
[Fe4S4Cl4]2" with a CTV-thiolate showed a reaction with hydroxide. This is an 
indication of the presence of a chloro ligand at the unique iron site. From these results 
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described in Chapter 2. The orientation of the cluster cores with respect to the CTV 
cavity was not investigated. 
4.2.3 Effect of the spacer 
The results of electrochemical experiments on clusters with CTV ligands 8a, - h are 
presented in Table 1. As shown, the redox potential can be modulated by varying the 
spacer between the CTV unit and the cluster compound. In general we can say that the 
values of the half-wave potentials are in line with the electronic properties of the 
ligands. 


















































































aWithout modulator we used an edge oriented pyrolrtic graphite working electrode 
With modulator a Pt working electrode was used 
The half-wave potential for the 2+/1+ core reduction is expected to become more 
negative when the alkyl spacer becomes longer. This is indeed found for the CTV 
ligands 8 (Table 1, CTVS3 = §â - й) and the ligands 4 (Table 2, L = 4a - c). This trend can 
be explained as an effect of the electron withdrawing phenoxy moiety which is sensed 
less by the cluster core when the length of the spacer is increased. 
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The difference between a p-xylilic and a m-xylilic spacer is small as can be concluded 
from both the NMR spectra of the clusters and their electrochemical properties (Table 
1, data for 8d and 8e, Table 2, 4& and 4e_). This indicates that despite the different ligand 
geometries no structural differences between the cluster cores exist in solution. 
Compared to fijL the electron donating methoxy substituent of ligand §g forces the 
reduction potential to a more negative value. As already noticed in the previous 
chapters, the half-wave potential of the clusters with ligands 4 and 8 can also be 
changed by adding a modulator, and in the case of 8 by substitution of the unique 
ligand. 
Table 2.Half-wave potentials8 of [Fe4S»uf'/3". 
L E1/2/V 
i f l -1.72 
ih -і. о 
44 -1.85 
4d -1.80 
I S -1.79 
4Jl -1.82 
"InDMFvs. Fc0'*. 
4.2.4 Effect of hydroxy hydrogen bonds 
Iron-sulfur clusters of the type [Fe4S4(SR)4]2" with R = -CH 2 CH 2 OH and -о-СбН4ОН 
have in principle the possibility to form intramolecular hydrogen bonds with the 
coordinating sulfur atoms via their hydroxy groups. In addition they can exhibit an 
electronic effect as compared to the cluster compounds with R = -η-propyl and -
phenyl. For the cluster compound with R = -о-СбЬЦОН Holm et al. measured in DMF 
a shift of the redox potential for the 2-/3- transition of approximately 0.15 V in the 
positive direction, which was ascribed to an intramolecular hydrogen bond 1 0. Blonk l l c 
has suggested that the deviation of the half-wave potential of the cluster compound 
with R = -CH2CH2OH relative to R = propyl was the result of the presence of a 
hydrogen bond. We believe, however, that this deviation is due to the electron 
withdrawing properties of the hydroxy group because the cluster perfectly fits the Taft 
equation discussed in Chapter 2. The trends observed in the reaction entropies were 
also ascribed to intramolecular hydrogen bonding by Blonk et ai, but they can equally 
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well be explained in terms of interactions between the solvent and the cluster core and 
between the solvent and the free hydroxy groups. 
In order to get more insight into the effects of hydrogen bonding, the electrochemical 
properties of the cluster compounds [Fe4S4(SR)4]2- with R = о-(-(СН2)пО)(НО(СН2)тО)-
СбН4 were investigated. 
In Table 3 the half-wave potentials for the 2+/1+ core reduction of the hydroxy 
containing cluster compounds are compared with those of the corresponding cluster 
compounds that can not form hydrogen bonds. The relevant differences found in 
dichloromethane are not significant and in DMF are on the borderline of being 
significant. The small negative shifts measured in the latter solvent are opposite to 
what is expected in the case of hydrogen bonding viz. a positive shift. From these data 
and also from the UV-vis and NMR spectra we may conclude that hydrogen bonds 
play no role in the solvents used. This could be due to the fact that the RO—H—S 
bridges in the clusters are not strong enough or that the ligands are too flexible, which 
would allow interactions with the solvent. 
Table 3. Half-wave potentials for the 2+/1+ core reduction of [Fe4S4Lif" clusters8. 
Е 1 Я / 
L DMF СН£12 
1-72 -1.67 
1.72 -1.6β 
1 80 -1.76 
182 -1.76 






To check whether hydrogen bonding occurs at lower temperatures we measured half-
wave potentials in the temperature range 210 - 295 K. As can be seen in Figure la no 
significant differences are observed in dichloromethane between the clusters with L = 
4b and L = 13b. The small differences found in DMF are within experimental error. 
Furthermore, the differences between 4b and 13b are almost constant in the measured 
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negative potentials, so this difference is not an indication of the presence of a 
hydrogen bridge. 
At temperatures lower than 240 К a deviation from the linear relationship between 
the half-wave potential and the temperature is visible. This could point to an 
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Figure 1. Temperature dependence of the half-wave potentials of [F%S*uf _/3' measured with a 
non-isothermal cell vs. F c w + at 298 К in CH
 2Ck (a) and in DMF (b). 
By using the relation AG0 = -nFE° = ΔΗ 0 - TAS0, we are able to determine1 1 the reaction 
entropy AS°rc for the half reaction: [Fe4S4L,4]2_ + e" <-> [Fe4S4L4p- via the relation AS°
rc
 = 
nFdEi/2/dT, measuring E1/2 with a non-isothermal cell. In a non-isothermal cell, the 
reference electrode is held at 298 K, so the measured potential includes a non-
isothermal liquid junction. The values found for the clusters with L = 4b and L = 13b 
are listed in Table 4. In dichloromethane all reaction entropies, including the one for L 
= n-C3H7S which is known in the literature, are essentially the same. In DMF a wider 
range of values is observed. This feature has also been reported for other thiolate iron-
Table 4. Reaction entropies for the reduction of [Fe4Í*L4f"/3" complexes 
L 












"Taken from ref 11c. The entropies for L = 4_b_and L = l ibare determined 
between 240 and 300 K. 
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sulfur clusters1 1 0. It is probably caused by a difference in specific interactions between 
DMF molecules and the clusters as mentioned above. 
In order to get more information about hydrogen bonding effects we performed 
temperature dependent NMR studies on the complexes [Fe4S4L4]2" (L = 4J> and L = 13b). 
No indications of hydrogen bridges 
were obtained (Figure 2). Such 
hydrogen bridges should cause a shift 
of the CH2OH protons because they 
feel the paramagnetism of the cluster 
core. Because the signals of these 
protons are partly obscured by signals 
of the counterion we looked at the 
























Τ (К) 300 320 the same temperature dependence. At 
Figure 2 Temperature dependent chemical shifts of CHjS higher temperature the clusters are 
protons of [FejS^ Uifin CD Сі
э
 more paramagnetic resulting in 
broader peaks and a lower accuracy. 
4.2.5 Effect of amide hydrogen bridges 
For both iron-sulfur cluster containing enzymes1 2 and synthetic model systems1 3 it is 
known that NH—S hydrogen bonds can influence the redox behavior of the cluster 
core. In this section we will investigate the possibilities of modulation of the redox 
potential of subsite differentiated [4Fe-4S] clusters with amide bonds. Furthermore, in 
the future the amide containing ligands can possibly be used as a precursor for a ligand 
that can yield a water soluble subsite-differentiated iron-sulfur cluster. To accomplish 
this, the amide could be easily hydrolyzed to a hydrophilic acetate function. 
In order to investigate whether NH—S hydrogen bonds are present in our clusters we 
treated thiols IS with [Fe4S4Cl4]2" in acetonitrile. Based on the UV-vis spectra (Хщ
ах
 at 
ca. 300 and 420 nm, acetonitrile) we concluded that the expected thiolate ligated 
clusters were formed. When these compounds were dissolved in CDCI3 a color change 
from yellow-brown to brown-red occurred. The NMR and UV-vis spectra indicated 
that the cluster compounds had been partially decomposed to [Fe4S4Cl4]2". We 
previously encountered the same problem in the reaction of [Ре454(51Ви)4]2" with a 
CTV-thiol ligand in CHCI3 (Chapter 2). After evaporation of the solvent and 
dissolving the residue in acetonitrile or DMF, the original thiolate cluster was not 
formed again. We tentatively conclude that clusters with thiolate ligands can undergo 
exchange reactions with chloroform to form [Fe4S4Cl4]2" and a thioether in an 
80 Chapter 4 
analogous way to the reaction of thiolate clusters with acid chlorides which gives a 
thioester and [Fe4S4Cl4]2-14. 
Because all the available material had been used to measure NMR spectra, the 
mixtures formed in the NMR tube were evaporated to dryness. From DP 
voltammograms in dichloromethane the half-wave potentials of the tetrathiolate 
clusters were estimated to be ca. -1.50 and -1.53 V for 18a and 18b. respectively. This 
means that the redox potential is shifted to more positive potentials when compared 
with cluster [Fe4S4L4]2" with L = âa. As expected, the shift is smaller for the more 
electron donating amide 18b (140 mV) than for 18a (170 mV). 
In DMF a half-wave potential of -1.66 V was measured for the cluster obtained from 
ligand 18a. Upon the addition of barium ions the half-wave potential changed to -1.60 
V. The difference in half-wave potential of this compound and 4j. is 60 mV. This is 
less than found in dichloromethane. It is known that DMF and dichloromethane 
have different acceptor properties and that possible intramolecular hydrogen bonds 
can be destabilized in the former solvent. 
4.3 Conclusions 
In this Chapter we have presented novel CTV-based ligand systems which are capable 
of holding a [4Fe-4S] core in a 3:1 site-differentiated fashion. By varying the spacer 
between the cluster and the CTV unit it was possible to modulate the redox potential 
of the cluster core. We were unable to tune the redox potential of these compounds 
with hydroxy hydrogen bonds, but preliminary evidence suggests that it is possible to 
achieve this using amide hydrogen bridges. 
4.4 Experimental 
Materials 
Unless otherwise indicated, commercial chemicals were used as received. All 
manipulations involving compounds containing a [4Fe-4S] cluster core were carried 
out under an inert atmosphere. All solvents were distilled under a nitrogen 
atmosphere. DMF was predried over activated BaO and distilled under reduced 
pressure. Diethylether and THF were washed with a solution of 6 g of FeS04 and 6 ml 
of concentrated H2SO4 in 100 ml of water, predried over СаСІг, and distilled from 
sodium benzophenone ketyl. Acetone was distilled from molecular sieves. 
Acetonitrile was purified by distillation from СаНг- Dichloromethane was washed 
with concentrated H2SO4, water, 5% aqueous KOH, water, and subsequently dried over 
CaSC»4 and distilled from P2O5. Carbon sulfide was dried over phosphorous pentoxide 
prior to distillation. Elemental sulfur was purified by sublimation under reduced 
pressure. Ferrocene was sublimed before use. 
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For column chromatography Merck silica gel 60H was used. TLC analyses were 
performed on Merck Kieselgel 60 F254 plates. 
Physical measurements 
UV-vis spectra were recorded on a Perkin Elmer Lambda 5 spectrometer. *H- and 1 3 C -
NMR spectra were obtained on a Bruker WH-90, a Bruker WM-400, or a Bruker AC-
100 instrument. Chemical shifts are given relative to tetramethylsilane. ΕΙ-MS and 
FAB-MS spectra were recorded on a VG 7070E instrument using 3-nitrobenzyl alcohol 
as the matrix. The IR-spectra were measured as Csl pellets on a Perkin Elmer 1720-X 
Infrared Fourier Transform spectrometer. Melting points were measured on a 
Reichert-Jung hot stage mounted on a microscope and are reported uncorrected. Cyclic 
voltammetry (CV) and differential pulse voltammetry (DPV) measurements were 
performed with a EG & G Princeton Applied Research Model 273 electrochemistry 
system, using a conventional three-electrode configuration with a platinum auxiliary 
electrode, and a platinum working electrode. The working electrode was polished 
before use, using 0.3 μπ\ aluminum oxide, followed by sonication. In DMF an 
Ag/AgCl (0.1 M LiCl) reference electrode was used. In acetonitrile Ag/Ag+ (0.1 M 
AgNC»3) and in dichloromethane Ag/AgI (0.02 M BU4NI/O.I M Bu4NPF6) were used 
as the reference electrodes. The half-wave potentials are reported relative to the 
ferrocene/ferricenium couple measured under the same conditions. In all solvents 
tetrabutylammonium hexafluorophosphate (BU4NPF6) was used as the supporting 
electrolyte (0.1 M). The concentration of the electroactive species was between 0.1 and 
1 mM. Unless otherwise indicated, the scan rate for the cyclic voltammetry 
measurements and for the differential pulse voltammetry measurements were 100 
mV/s and 10 mV/s respectively. Temperature dependent half-wave potentials were 
measured with a non-isothermal cell identical to the one described in Ref. I la . 
Elemental analyses were carried out on a E A 1108 Carlo Erba instrument. 
Preparation of the compounds 
Ligands 
l-((0-bromo-alkoxy)-2-methoxybenzene. 
2a: A solution of 6.0 g (0.12 mol) of potassium hydroxide, 5 ml of 1,2-dibromoethane, 
3.0 g (24.2 mmol) of guaiacol and 1.0 g (4.4 mmol) of triethylbenzylammonium 
chloride in 30 ml of water was stirred for 1 week at room temperature. The solution 
was extracted with CH2CI2· After evaporation of the solvent and the excess of 1,2-
dibromoethane the product was obtained as a colorless oil in 80.6% (4.50 g) yield. 
!H-NMR (90 MHz, CDCI3): δ 3.50 (t, 2H, CH2Br J = 6 Hz), 3.87 (s, 3H, OCH3), 4.40 (t, 2H, 
OCH2, J = 6 Hz), 6.90 (m, 4H, ArH). 
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2fe: This compound was prepared according to the same procedure as described for 2a 
using 1,3-dibromopropane. The product was purified by column chromatography 
(silica, eluent: methanol-chloroform = 1:99 v/v). Yield 5.0 g (84.4% ) of 2b as a colorless 
oil. 
1H-NMR (90 MHz, CDCI3): δ 2.33 (m, 2H, СНг), 3.54 (t, 2Н, CH2Br J = 6 Hz), 3.88 (s, ЗН, 
ОСНз), 4.15 (t, 2Н, ОСН2, J = 6 Hz), 6.90 (m, 4H, АгН). 
2с: This compound was prepared as described for 2a using 1,4-dibromobutane. The 
product was purified by column chromatography (silica, eluent: methanol-chloroform 
= 1:99 v/v). Yield 2.0 g (87.9% ) of 2ε as a colorless oil. 
Ш-NMR (90 MHz, CDCI3): δ 1.94 (m, 4H, CH2CH2), 3.38 (t, 2H, CH2Br J = 6 Hz), 3.88 (s, 
ЗН, ОСНз), 3.94 (t, 2H, OCH2, J = 6 Hz), 6.90 (m, 4H, ArH). 
2d. This compound was prepared as described for 6d (see Chapter 2). 
Ш-NMR (90 MHz, CDCI3): δ 3.90 (s, ЗН, OCH3), 4.45 (d, 2Н, СН2Вг), 5.15 (s, 2Н, ОСН2), 
7.01 (m, 4Н, АгН), 7.36 (m, 4Н, ХуІН). 
2е. This compound was prepared as described for 6d· 
Ш-NMR (90 MHz, CDCI3): δ 3.88 (s, ЗН, OCH3), 4.46 (d, 2Н, CH2Br), 5.06 (s, 2H, OCH2), 
6.96 (s, 4Н, ArH), 7.40 (d, 2H, XylH), 7.50 (d, 2H, XylH). 
l-[œ-(N,N4iimethyldithiocarbarnato)aikoxy]-2-rnethoxybenzene. 
За: То a solution of 4.5 g (19.5 mmol) of 2a in 75 ml of acetonitrile was added 3.6 g (25.0 
mmol) of sodium dimethyldithiocarbamate dihydrate. The resulting mixture was 
stirred for 8 hrs. at room temperature. After evaporation of the solvent the product 
was purified by column chromatography (silica, eluent: ethylacetate-hexane = 1:4 v/v, 
Rf = 0.6), giving 4.2 g (15.5 mmol, 79 %) of a white solid. 
Mp 64°C. Ш-NMR (100 MHz, CDCI3): δ 3.35 (s, ЗН, NCH3), 3.52 (s, ЗН, NCH3), 3.75 (t, 
2H, CH2S, J = 6 Hz), 3.84 (s, ЗН, OCH3), 4.27 (t, 2H, OCH2, J = 6 Hz), 6.95 (m, 4H, ArH). 
13C-NMR (CDCI3): δ 35.9 (CH2S), 41.3 (NCH3), 45.2 (NCH3), 55.7 (OCH3), 111.7 (ArCH), 
113.8 (ArCH), 120.7 (ArCH), 121.3 (ArCH), 147.6 (ArCO), 149.2 (ArCO), 196.1 (SC(S)). 
Anal, caled, for C i 2 H i 7 0 2 S 2 N : %C, 53.11; %H, 6.31; %S, 23.62; %N, 6.31. Found: %C, 
52.71; %H, 6.29; %S, 23.93; %N, 6.26. 
3b: This compound was prepared as described for 3_a (yield 86%). The product was 
purified by column chromatography (silica, eluent: ethylacetate-hexane = 1:4 v/v, Rf = 
0.7), to give a white solid. 
Ш-NMR (100 MHz, CDCI3): δ 2.33 (m, 2H, СНг), 3.35 (s, ЗН, NCH3), 3.52 (s, ЗН, NCH3), 
3.54 (t, 2H, CH2S, J = 6 Hz), 3.84 (s, 3H, OCH3), 4.15 (t, 2H, OCH2, J = 6 Hz), 6.95 (m, 4H, 
ArH). 
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3_c_: This compound was prepared as described for a (yield 84%). The product was 
purified by column chromatography (silica, eluent: ethylacetate-hexane = 1:4 v/v, Rf = 
0.75), giving a white solid. 
!H-NMR (100 MHz, CDCI3): δ 1.87 (m, 4H, СНгСНг), 3.33 (s, ЗН, NCH 3), 3.52 (s, ЗН, 
NCH3), 3.49 (t, 2H, CH2S, J = 6 Hz), 3.83 (s, 3H, OCH3), 3.92 (t, 2H, OCH2, J = 6 Hz), 6.95 
(m, 4H, ArH). 
3d. This compound was prepared as described for TA-
IH-NMR (90 MHz, CDCI3): δ 3.38 (s, IH, NCH3), 3.54 (s, IH, NCH3), 3.90 (s, ЗН, OCH3), 
4.52 (d, 2Н, CH2S), 5.15 (s, 2H, OCH2), 7.13 (m, 4Н, ArH), 7.40 (m, 4H, XylH). 
3_e. This compound was prepared as described for 7d. 
IH-NMR (90 MHz, CDCI3): δ 3.38 (s, IH, NCH3), 3.54 (s, IH, NCH3), 3.90 (s, ЗН, OCH3), 
4.56 (s, 2Н, CH2S), 5.13 (s, 2H, OCH2), 6.92 (s, 4Н, ArH), 7.36 (d, 2H, XylH), 7.42 (d, 2H, 
XylH). 
cù-(2-methoxyphenoxy)-l-alkylthiol. 
4a: Under a dinitrogen atmosphere 0.5 g (1.84 mmol) of За was dissolved in 75 ml of 
diethylether and 0.7 g (18.4 mmol) of lithium aluminium hydride. After refluxing for 
2 hrs. the solution was cooled to 4°C and acidified using 6N aqueous HCl. The mixture 
was extracted with dichloromethane and the organic layer was washed with water (3x), 
dried (Na2SC>4), and evaporated to dryness. The product was purified by column 
chromatography (silica, eluent: ethylacetate-hexane = 1:4 v/v, Rf = 0.6), giving 153 mg 
(0.83 mmol, 45 %) of a colorless oil. 
iH-NMR (90 MHz, CDCI3): δ 1.66 (t, IH, SH, J = 8 Hz), 2.83 (dt, 2H, CH2S, J = 6 Hz, J = 8 
Hz), 3.84 (s, 3H, OCH3), 4.10 (t, 2H, OCH2, J = 6 Hz), 6.95 (s, 4H, ArH). Anal, caled for 
C 9 Hi 2 0 2 S: %C, 58.67; %H, 6.56; %S, 17.40. Found: %C, 59.01; %H, 6.24; %S, 17.13. 
4b: This compound was prepared as described for 4a using 1.82 g (7.14 mmol) of 3b. The 
product was purified by column chromatography,(silica, eluent: ethylacetate-hexane = 
1:4 v/v, Rf = 0.6), giving 76% of 4b as a colorless oil. 
iH-NMR (100 MHz, CDCI3): δ 1.43 (t, IH, SH, J = 8 Hz), 2.07 (m, 2H, CH2), 2.70 (dt, 2H, 
CH2S, J = 6 Hz, J = 8 Hz), 3.82 (s, 3H, OCH3), 4.08 (t, 2H, OCH2, J = 6 Hz), 6.87 (s, 4H, 
ArH). Anal, caled for Ci 0 Hi 4 O 2 S: %C, 60.85; %H, 7.12; %S, 16.17. Found: %C, 61.41; %H, 
7.08; %S, 14.57. 
4c: This compound was prepared as described for 4a. The product was purified by 
column chromatography (silica, eluent: ethylacetate-hexane = 1:4 v/v, Rf = 0.6), giving 
82% of 4c. as a colorless oil. 
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Щ-NMR (100 MHz, CDCI3): δ 1.40 (t, IH, SH, J = 8 Hz), 1.8-1.9 (m, 4H, CH2CH2), 2.58 (dt, 
2Н, CH2S, J = 6 Hz, J = 8 Hz), 3.82 (s, 3H, OCH3), 3.95 (t, 2Н, ОСН2, J = 6 Hz), 6.83 (s, 2H, 
АгН). 
[3-(2-methoxyphenoxymethyl-l-phenyl]-methanethiol (4d). 
This compound was prepared as described for 8d (see Chapter 2). 
1H-NMR (90 MHz, CDCI3): δ 1.82 (t, IH, SH), 3.79 (d, 2H, CH2S), 3.91 (s, 3H, OCH3), 5.18 
(s, 2H, OCH2), 6.98 (m, 4H, ArH), 7.28 (m, 4H, XylH). 
[4-(2-methoxyphenoxymethyl-l-phenyl]-methanethiol (4s). 
This compound was prepared as described for 8d. 
1H-NMR (90 MHz, CDCI3): δ 1.68 (t, IH, SH), 3.68 (d, 2H, CH2S), 3.86 (s, 3H, OCH3), 5.09 
(s, 2H, OCH2), 6.91 (s, 4H, ArH), 7.30 (d, 2H, XylH), 7.44 (d, 2H, XylH). 
2-(2-methoxyphenoxy)-l-ethoxyethanethiol (4h). 
The synthesis of this compound involves steps (i) - (Hi). 
(i)l-(2-(2-chloroethoxy)ethoxy)-2-methoxybenzene. 
To a solution of 5.0 g (17.94 mmol) of 2-(2-chloroethoxy)ethyltosylate in 50 ml of 
acetone was added 2.22 g (17.94 mmol) of guaiacol (1) and 4.0 g of potassium carbonate. 
The resulting mixture was refluxed overnight. The solvent was removed under 
reduced pressure and the residue was redissolved in dichloromethane and 
subsequently washed with water (3x) and brine, and dried (Na2SÛ4). After evaporation 
of the solvent, the product was purified by column chromatography (silica, eluent: 
ethylacetate-hexane = 1:4 v/v), giving 3.1 g (12.6 mmol, 70 %) of ih. 
(ii) l-(2-(2-thioacethylethoxy)ethoxy)-2-methoxybenzene. 
In a Schlenck vessel and under a dinitrogen atmosphere, 2.51 g (7.56 mmol) of CSCO3 
was dispersed in 25 ml of degassed DMF. To this suspension was added 1.67 g (20 
mmol) of freshly distilled thioacetic acid. After stirring for 30 mins. in the dark, a 
catalytic amount of Nal and 3.1 g (12.6 mmol) of the above mentioned chloro 
compound were added. The mixture was stirred for 18 hrs. at 50°C. During this time, 
the Schlenck vessel was wrapped with aluminum foil to block out light. After 
evaporation of the solvent, 50 ml of ethylacetate was added and the mixture was 
washed with brine (3x). The organic layer was dried (Na2SC»4). After evaporation of the 
solvent, the product was purified by column chromatography, (silica, eluent: 
ethylacetate-hexane = 1:4 v/v), giving a white solid. 
(Hi) 2-(2-methoxyphenoxy)-l-ethoxyethanethiol. 
Under a dinitrogen atmosphere 1.82 g (6.37 mmol) of the above mentioned thioacetyl 
compound was dissolved in 25 ml of diethylether and 0.48 g (12.7 mmol) of lithium 
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aluminum hydride. After refluxing for 2 hrs. the solution was cooled to 4°C and 
acidified using a 6N aqueous HCl solution. The mixture was extracted with dichloro-
methane and the organic layer was washed with water (3x), dried (Na2SC»4), and 
evaporated to dryness. The product was purified by column chromatography (silica, 
eluent: ethylacetate-hexane = 1:4 v/v). 
Ή-NMR (90 MHz, CDCI3): δ 1.54 (t, IH, SH, J = 8 Hz), 2.53 (dt, 2H, CH2S, J = 6 Hz, J = 8 
Hz), 3.50 (t, 2H, OCH2CH2S, J = 6 Hz), 3.60 (t, 2H, OCH2CH2O, J = 6 Hz), 3.65 (s, 3H, 
OCH3), 3.97 (t, 2H, A1OCH2, J = 6 Hz), 6.75 (s, 4H, ArH). 
(±) 2,7,12-Trihydroxy-3,8,13-trimethoxy-10,15-dihydro-5H-tribenzo[a,d,g] cyclononene 
(cyclotriguaiacylene, 5). 
The synthesis of this compound is described in Chapter 2. 
(±) 2,7,12-Tris-(co-bromoalkoxy)-3,8,13-trimethoxy-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononene. 
These compounds were prepared as described in Chapter 2 for 6_â, using the 
appropriate a, ω-dibromoalkane. 
6_a: See Chapter 2. 
fib: Yield: 78% of a white powder. 
1H-NMR (90 MHz, CDCI3): δ 2.30 (m, 6H, CH2), 3.60 (t, 6Н, CH2Br, J = 6 Hz), 3.51 (d, ЗН, 
H
e q , J = 14 Hz), 3.84 (s, 9H, OCH3), 4.22 (t, 6H, OCH2, J = 6 Hz), 4.76 (d, 3H, H a x , J = 14 
Hz), 6.80 (s, 3H, ArH), 6.88 (s, 3H, ArH). 
6χ: yield: 94% of a white powder. 
IH-NMR (90 MHz, CDCI3): δ 1.97 (m, 12H, CH 2CH 2), 3.42 (t, 6H, CH2Br, J = 6 Hz), 3.43 
(d, 3H, H
e q , J - 14 Hz), 3.81 (s, 9H, OCH3), 3.99 (t, 6H, OCH2, J = 6 Hz), 4.70 (d, ЗН, Н ^ , J = 
14 Hz), 6.81 (s, 3H, ArH), 6.84 (s, 3H, ArH). 
(±)2,7,12-Tris-[œ-(N,N-dimethyldithiocarbamato)-alkoxy]-3,8,13-trimethoxy-10,15-
dihydro-5H-tribenzo[a,d,g]cyclononene. 
These compounds were prepared as described for 7a (Chapter 2). 
7a: See Chapter 2. 
7b: The product was purified by column chromatography (silica, eluent: ethylacetate-
hexane = 4:1 v /v , Rf = 0.40), giving a white solid in 82% yield. Ш-NMR (90 MHz, 
CDCI3): δ 2.30 (m, 6H, CH2), 3.38 (s, 9Н, NCH3), 3.55 (s, 9H, NCH3), 3.55 (d, ЗН, H e q , J = 
14 Hz), 3.66 (m, 6H, CH2S), 3.82 (s, 9H, OCH3), 4.30 (t, 6H, OCH2, J = 6 Hz), 4.75 (d, 3H, 
H
a x
, J = 14 Hz), 6.96 (s, 3H, ArH), 7.20 (s, 3H, ArH). 
7ç: The product was purified by crystallization from hexane-dichloromethane, giving 
a white solid (yield 66%). 
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Mp 500C. ! H - N M R (90 MHz, CDCI3): δ 1.89 (m, 12Η, CH2CH2), 3.31 (s, 9Н, NCH3), 3.52 
(s, 9H, NCH3), 3.53 (d, 3H, H
e q , J = 14 Hz), 3.53 (m, 6H, CH2S), 3.81 (s, 9H, OCH3), 4.01 (t, 
6H, OCH2, J = 6 Hz), 4.73 (d, 3H, H
a x
, J = 14 Hz), 6.82 (s, 3H, ArH), 6.85 (s, 3H, AtH). 1 3 C 
NMR (CDCI3): δ 25.4 and 28.4 (CH2CH2),36.5 (CH2-bridge), 37.2 (CH2S), 41.4 (NCH3), 
45.2 (NCH3), 56.4 (OCH3), 68.8 (OCH2), 113.8 (ArCH), 115.5 (ArCH), 131.9 (ArCCH2), 
132.2 (ArCCH 2 ) , 147.1 (ArCO), 147.9 (ArCO), 197.3 (SC(S)). Anal, caled for 
C45H63O6S6N3: %C, 57.84; %H, 6.80; %S, 20.59; %N, 4.50. Found: %C, 56.70; %H, 6.62; 
%S, 21.70; %N, 4.78. FAB-MS: m/z = 934 (M+H)+. 
7d: The synthesis of this compound is described in Chapter 2. 
(±)2-[7,12-Bis-((u-mercapto-ethoxy)-3,8,13-trimethoxy-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononen-2-yloxy]-alkanethiol. 
These compounds were prepared as described for 8a (Chapter 2). 
8_a: See Chapter 2. 
8b: The product was purified by column chromatography (silica, eluent: ethylacetate-
hexane = 4:1 v/v, Rf = 0.80), giving a white foam (yield 32%). 
Mp 151°C. Ш-NMR (400 MHz, CDCI3): δ 1.40 (t, 3H, SH, J = 8 Hz), 2.07 (m, 6H, CH2), 
2.71 (dt, 6H, CH2S, J = 6 Hz, J = 8 Hz), 3.53 (d, 3H, H e q , J = 14 Hz), 3.81 (s, 9H, OCH3), 4.08 
(t, 6H, OCH2, J = 6 Hz), 4.74 (d, 3H, H
a x
, J = 14 Hz), 6.83 (s, 3H, ArH), 6.87 (s, 3H, ArH). 
" С NMR (CDCI3): δ 21.3 (CH2S), 33.1 (CH2), 36.4 (CH2-bridge), 56.2 (OCH3), 67.2 (OCH2), 
113.7 (ArCH), 115.6 (ArCH), 131.8 (ArCCH2), 132.4 (ArCCH2), 146.9 (ArCO), 148.3 
(ArCO). Anal, caled for C33H42O6S3: %C, 62.83; %H, 6.71; %S, 15.25. Found: %C, 63.43; 
%H, 6.47; %S, 14.66. FAB-MS: m/z = 630 (M+). According to NMR, this compound was 
slightly contaminated with traces of the allyl ether. 
8c: The product was purified by column chromatography (silica, eluent: ethylacetate-
hexane = 4:1 v/v, Rf = 0.60), giving a white foam (yield 66%). 
Ш-NMR (400 MHz, CDCI3): δ 1.40 (t, 3H, SH, J = 8 Hz), 1.78 and 1.87 (m, 12H, CH2CH2), 
2.57 (dt, 6H, CH2S, J = 6 Hz, J = 8 Hz), 3.52 (d, 3H, H e q , J = 14 Hz), 3.81 (s, 9H, OCH3), 3.95 
(t, 6H, OCH2, J = 6 Hz), 4.74 (d, 3H, H a x , J = 14 Hz), 6.81 (s, 3H, ArH), 6.83 (s, 3H, ArH). 
13C-NMR (CDCI3): δ 24.3 (CH2S), 27.9 (CH2CH2S), 30.5 (CH2CH20), 36.4 (CH2-bridge), 
56.3 (OCH3), 68.7 (OCH2), 113.8 (ArCH), 115.3 (ArCH), 131.9 (ArCCH2), 132.2 (ArCCH2), 
147.1 (ArCO), 148.3 (ArCO). Anal, caled for C36H48O6S3: %C, 64.25; %H, 7.19; %S, 14.29. 
Found: %C, 64.17; %H, 7.24; %S, 13.61. 
(±) {3-[,7,12-Bis-(3-mercaptomethylbenzyloxy)-3,8,13-trimethoxy-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononen-2-yloxymethyl]-phenyl}methanethiol (8d). 
The synthesis of this compound is described in Chapter 2. 
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(±) {4-[,7,12-Bis-(4-mercaptomethyl-benzyloxy)-3,8,13-trimethoxy-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononen-2-yloxymethyl]-phenyl}methanethiol (8e). 
This compound was prepared as described for Sd, using α,α -dibromo-p-xylene instead 
of α,α -dibromo-m-xylene. The route 6_£ -> Za -» 8g was followed. 
6e_: 1H-NMR (200 MHz, CDCI3): δ 3.46 (d, 3H, H
e q , J = 14 Hz), 3.74 (s, 9H, OCH3), 4.48 (s, 
6H, ArCH2Br), 4.69 (d, 3H, H a x , J = 14 Hz), 5.07 (s, 6H, OCH2Ar), 6.71 (s, 3H, ArH), 6.84 
(s, 3H, ArH), 7.38 (s, 12H, XylH). Anal, caled for С48Н45О6ВГ3: %C, 60.21; %H, 4.74. 
Found: %C, 60.85; %H, 4.80. FAB-MS: m/z = 958 (M+). UV-VIS (CH3CN): X
m a x
 247 nm 
(ε=108.000), 292 nm (ε=68.400). 
7e: Щ-NMR (90 MHz, CDCI3): δ 3.14 (s, 9H, NCH3), 3.36 (s, 9H, NCH 3 ),, 3.3 (d, 3Η, H e q ) , 
3.57 (s, 9H, OCH3), 4.38 (s, 6Н, CH2S), 4.5 (d, 3H, H a x ) , 4.93 (s, 6Н, ОСН2), 6.57 (s, ЗН, 
ArH), 6.69 (s, ЗН, ArH), 7.21 (s, 12H, XylH). 
ge: IH-NMR (90 MHz, CDCI3): δ 1.74 (t, 3H, SH), 3.40 (d, 3H, H
e q ) , 3.69 (d, 6H, CH2S), 
3.71 (s, 9H, OCH3), 4.64 (d, 3H, H
a x
) , 5.00 (s, 6H, OCH2), 6.62 (s, 3H, ArH), 6.76 (s, 3H, 
ArH), 7.24 (s, 12H, XylH). FAB-MS: m/z = 816 (M+). 
[4-(2-{7,12-bis-[2-(4-mercaptomethylphenoxy)-ethoxy]-3,8,13-trimethoxy-10,15-dihydro-
5H-tribenzo[a,d,g]cyclononen-2-yloxy}-ethoxy)-phenyl]-methanethiol (8f). 
The chloro analogue of èi'. To a solution of 500 mg (0.69 mmol) of Éâ in 50 ml of DMF 
was added 500 mg (3.2 mmol) of guaiacol (1) and 1.0 g of potassium carbonate. The 
resulting mixture was stirred overnight at 60°C. The solvent was removed under 
reduced pressure and the residue was redissolved in dichloromethane and 
subsequently washed with water (3x) and brine and dried (Na2SC>4). After evaporation 
of the solvent the product was purified by column chromatography (silica, eluent: 
methanol-chloroform = 3:97 v/v) a white solid. 
iH-NMR (90 MHz, CDCI3): δ 3.45 (d, 3H, H
e q , J = 14 Hz), 3.68 (s, 9H, OCH3), 4.26 (s, 12H, 
OCH 2CH 20), 4.56 (s, 6H, CH2OH), 4.57 (d, 3H, H a x , J = 14 Hz), 6.78 (s, 3H, ArH), 6.82 (s, 
3H, ArH), 6.87 (d, 6H, ArH. J = 9 Hz), 7.26 (d, 6H, ArH. J = 9 Hz). 
The above described compound was dissolved in dichloromethane. After cooling the 
solution to 0°C, 2 equivs. of SOCl2 was added dropwise. After evaporation of the 
solvent a white solid was obtained. 
!H-NMR (90 MHz, CDCI3): δ 3.46 (d, 3H, H
e q , J = 14 Hz), 3.66 (s, 9H, OCH3), 4.28 (s, 12H, 
OCH 2CH 20), 4.48 (s, 6H, CH2CI), 4.57 (d, 3H, H a x , J = 14 Hz), 6.78 (s, 3H, ArH), 6.82 (s, 
3H, ArH), 6.87 (d, 6H, ArH. J = 9 Hz), 7.26 (d, 6H, ArH. J = 9 Hz). 
7f. This compound was prepared from the above mentioned product as described for 
Zd. 
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8f: This compound was prepared from 7i as described for 8d- The product was purified 
by column chromatography (silica, eluent: methanol-chloroform = 2:98 v/v), giving a 
white solid. 
1H-NMR (90 MHz, CDCI3): δ 1.70 (t, 3H, SH), 3.42 (d, 3H, H
e q , J = 14 Hz), 3.69 (s, 9H, 
OCH3), 3.68 (d, 6H, CH2S), 4.26 (s, 12H, OCH 2CH 20), 4.56 (d, 3H, Н ^ , J = 14 Hz), 6.78 (s, 




This compound was prepared as described for gf, using guaiacol instead of 4-hydroxy 
benzyl alcohol. 
The chloro analogue of 6g: *H-NMR (90 MHz, CDCI3): δ 3.45 (d, 3H, H
e q , J = 14 Hz), 3.68 
(s, 18H, OCH3), 4.28 (s, 12H, OCH 2CH 20), 4.48 (s, 6H, СЯ2СІ), 4.57 (d, 3H, H № J = 14 Hz), 
6.65-6.95 (m, 15H, ArH). 
7g: 1H-NMR (90 MHz, CDCI3): 3.27 (s, 9H, NCH3), 3.44 (s, 9H, NCH3), 3.35 (d, 3H, H
e q , J 
= 14 Hz), 3.69 (s, 18H, OCH3), 4.27 (s, 12H, OCH 2CH 20), 4.53 (s, 6H, CH2S), 4.55 (d, 3H, 
H
a x
, J = 14 Hz), 6.7-7.0 (m, 15H, ArH). 
Sg: Ή-NMR (90 MHz, CDCI3): δ 1.70 (t, 3H, SH), 3.44 (d, 3H, H
e q , J = 14 Hz), 3.69 (s, 18H, 
OCH3), 3.66 (d, 6H, CH2S), 4.28 (s, 12H, OCH 2 CH 2 0), 4.48 (s, 6H, CH2CI), 4.57 (d, 3H, 
H
a x
, J = 14 Hz), 6.65-6.95 (m, 15H, ArH). 
(±) 2-[7,12-Bis-(2-(2-mercaptoethoxy)ethoxy)-3,8,13-trimethoxy-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononen-2-yloxy]-ethoxyethanethiol (8h). 
The synthesis of this compound involves steps (i) - (iii). 
(i) (±) 2,7,12-Tris-(2-(2-chloroethoxy)ethoxy)-3,8,13-trimethoxy-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononene. 
This compound was prepared, as described for compound 4f. The product was purified 
by column chromatography (silica, eluent: methanol-chloroform = 0.5:99.5 v/v), to 
give a white solid in 54 % yield. 
(ii) (±) 2,7,12-Tris-(2-(2-thioacetylethoxy)ethoxy)-3,8,13-trimethoxy-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononene. 
In a Schlenck vessel and under a dinitrogen atmosphere, 205 mg (0.63 mmol) of СвСОз 
was dispersed in 5 ml of degassed DMF. To this suspension was added 450 mg (5.67 
mmol) of freshly distilled thioacetic acid. After stirring for 30 mins. in the dark, a 
catalytic amount of Nal and 220 mg (0.30 mmol) of the above mentioned trichloride 
were added. The mixture was stirred for 18 hrs. at 50°C. During this time, the Schlenck 
vessel was wrapped with aluminum foil to block out light. After cooling to room 
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temperature, 50 ml of CH2CI2 was added and the mixture was washed with brine (3x). 
The organic layer was dried (Na2S04). After evaporation of the solvent, the product 
was purified by column chromatography, (silica, eluent: methanol-chloroform = 
0.5:99.5 v/v), to give 54% of a white solid. 
iH-NMR (100 MHz, CDCI3): δ 2.22 (s, 9H, С(О)СНз), 3.0 (t, 6Н, CH2CH2S), 3.45 (d, ЗН, 
H
e q , J = 14 Hz), 3.66 (m, 12H, CH2OCH2), 3.74 (s, 9H, OCH3), 4.08 (t, 6H, ArOCH2), 4.64 
(d, 3H, Hax, J = 14 Hz), 6.82 (s, 3H, ArH), 6.75 (s, 3H, ArH). Anal, caled for C42H54O12S3: 
%C, 59.55; %H, 6.43; %S, 11.36. Found: %C, 58.56; %H, 6.33; %S, 11.20. 
(iii) (±) 2-[7,12-Bis-(2-(2-mercaptoethoxy)ethoxy)-3,8,13-trimethoxy-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononen-2-yloxy]ethoxyethanethiol. 
Under a dinitrogen atmosphere, 200 mg (0.23 mmol) of the above mentioned 
trithioacetyl compound was dissolved in 25 ml of CH2C12· To this solution was added 
38 mg (0.71 mmol) of ЫаОСНз in 10 ml of methanol. The mixture was stirred for 1 hr. 
at ambient temperature and subsequently the solvent was removed under reduced 
pressure. The residue was redissolved in 25 ml of degassed water and acidified with 25 
ml of a 2N aqueous HCl solution. The mixture was extracted with 25 ml of chloroform 
(3x) and the combined layers were dried (Na2SC>4) and concentrated under reduced 
pressure yielding 82% of a white solid. 
Щ-NMR (100 MHz, CDCI3): δ 1.61 (t, 9H, SH), 2.62 (m, 6H, CH2CH2S), 3.45 (d, 3H, H e q , J 
= 14 Hz), 3.63 (m, 12H, CH2OCH2), 3.74 (s, 9H, OCH3), 4.03 (t, 6H, ArOCH2), 4.63 (d, 3H, 
H
a x
, J = 14 Hz), 6.74 (s, 3H, ArH), 6.82 (s, 3H, ArH). 
(D-(2-Methoxyphenoxy)-l-alkanol. 
9b: A mixture of 15 g (0.121 mol) of guaiacol, 45 g (0.36 mol) of 2-bromoethanol, 7 g of 
aliquat 336, and 30 g of potassium hydroxide in 100 ml of water was stirred for 4 days at 
60°C. After cooling to room temperature the solution was extracted with 50 ml of 
dichloromethane (3x). The organic layer was washed with water (3x), dried (Na2SC>4), 
and evaporated to dryness. The product was purified by distillation (0.2 mm Hg, 84 -
88°C) yielding 13 g (65%) of 2-(2-methoxy phenoxy)-l-ethanol. 
! H - N M R (90 MHz, CDCI3): δ 3.80 (s, ЗН, OCH3), 4.00 (m, 4Н, СН 2 СН 2 ), 6.90 (m, 4Н, 
АгН). 
9_â: То a solution of 2.4 g (0.019 mol) of guaiacol in 50 ml of THF was added 5.0 g (0.036 
mol) of 3-bromopropanol and 6.2 g (0.045 mol) of potassium carbonate. The mixture 
was refluxed for 3 days. After evaporation of the solvent, the product was dissolved in 
dichloromethane and subsequently washed with water (3x) and brine. After the 
organic layer had been dried and evaporated to dryness, the product was purified by 
column chromatography (silica, eluent: methanol-chloroform = 1:99 v/v) giving 3.06 g 
(87%) of 3-(2-methoxyphenoxy)-l-propanol. 
90 Chapter 4 
iH-NMR (90 MHz, CDCI3): δ 3.80 (s, 3H, OCH3), 4.00 (m, 4Н, СН2СН2), 6.90 (m, 4Н, 
АгН). 
2-(cD-Hydroxyalkoxy)phenol. 
10b: Under a dinitrogen atmosphere 9.1 g (0.049 mmol) of diphenylphosphine was 
dissolved in 50 ml of THF. To this solution was added dropwise 22 ml of a 15% butyl 
lithium solution in hexane (0.052 mol). The deep red solution was stirred for 30 mins. 
This solution was added slowly to a solution of 7.5 g (0.045 mol) of 2-(2-
methoxyphenoxy)-l-ethanol and 0.047 mol of butyl lithium in 50 ml of THF. After 
stirring for 3 hrs. the yellow solution was poured into 200 ml of a 3% potassium 
hydroxide solution. The aqueous layer was extracted with 75 ml of diethylether (4x). 
The ether layers were collected and extracted with 50 ml of a 15% aqueous potassium 
hydroxide solution (2x). The collected water layers were cooled on ice and acidified 
with concentrated HCl to pH 5. The acidic water layer was extracted with 75 ml of 
diethylether (3x). The combined ether layers were dried (Na2SC>4) and evaporated to 
dryness. The product was purified by column chromatography (silica, eluent: 
methanol-chloroform = 2:98 v/v), yielding 3.1 g (45 %) of a colorless oil. 
iH-NMR (90 MHz, CDCI3): δ 4.00 (m, 4H, Ш 2 С Н 2 ) , 6.90 (m, 4Н, АгН). 
10а: This compound is prepared as described for 2-(2-hydroxyethoxy)phenol, using 1.82 
g (9.8 mmol) of diphenylphosphine, 8.7 ml of 15% butyl lithium in hexane, and 1.78 g 
(8.9 mmol) of 3-(2-methoxyphenoxy)-l-propanol in 25 ml THF. The product was 
purified by column chromatography (silica, eluent: methanol-chloroform = 1:99 v/v), 
yielding 0.5 g (39 %) of a colorless oil. 
iH-NMR (90 MHz, CDCI3): δ 2.10 (m, 2H, CH2), 3.9 (m, 2Н, CH2OH), 4.15 (t, 2H, OCH2), 
6.90 (m, 4Н, АгН). 
(3-(2-Bromoethoxy)phenoxy)propanol (lia). 
A solution of 5.4 mmol of 10a. 8.0 g (42.5 mmol) of 1,2-dibromoethane, 1.0 g of aliquat 
336 and 5.5 g of potassium hydroxide in 30 ml of water was stirred at room 
temperature for 3 days. After extraction with dichloromethane the organic layer was 
subsequently washed with water (3x) and brine. After evaporation to dryness and 
purification by column chromatography (silica, eluent: chloroform) 1.15 g (78%) of 
product was isolated as a colorless oil. 
iH-NMR (90 MHz, CDCI3): δ 2.1 (m, 2H, CH 2), 2.9-4.4 (m, 8Н, ОСН 2 , CH2Br and 
СН2ОН), 6.90 (m, 4Н, АгН). 
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(2-(3-Bromopropoxy)phenoxy)ethanol (lib). 
To a solution of 0.66 g (4.3 mmol) of 10b in 100 ml of acetone was added 2.6 g (12.8 
mmol) of 1,3-dibromopropane and 1.8 g of potassium carbonate. This mixture was 
refluxed for 24 hrs.. After evaporation of the solvent, the product was dissolved in 
dichloromethane and subsequently washed with water (3x) and brine. The organic 
layer was dried and evaporated to dryness. After purification by column 
chromatography (silica, eluent: methanol-chloroform = 2:98 v/v) 0.95 g (81%) of 
product was isolated. 
iH-NMR (90 MHz, CDCI3): δ 2.2 (m, 2H, CH2), 3.6 (t, 2Н, СН2Вг), 4.1 (m, 6Н, ОСН 2 and 
СН2ОН), 6.90 (m, 4Н, АгН). 
(3-(3-Bromopropoxy)phenoxy)propanol (11с). 
This compound was prepared as described for l i b , using 0.862 g of 10a. 3.11 g (15.4 
mmol) of 1,3-dibromopropane and 1.41 g (10.2 mmol) of potassium carbonate. After 
purification by column chromatography (silica, eluent: methanol-chloroform = 1:99 
v/v)) 1.10 g (74%) of product was isolated as a colorless oil. 
iH-NMR (90 MHz, CDCI3): δ 1.9-2.5 (m, 4H, CH2), 3.2-4.3 (m, 8Н, ОСН2, CH2Br and 
СН2ОН), 6.9 (m, 4Н, АгН). 
(2-(4-Bromobutoxy)phenoxy)ethanol (lid). 
This compound was prepared as described for l i b , using 2.8 g (12.9 mmol) of 1,4-
dibromobutane. After purification by column chromatography (silica, eluent: 
methanol-chloroform = 2:98 v/v) 0.78 g (63%) of product was isolated as a white solid. 
iH-NMR (90 MHz, CDCI3): δ 2.0 (m, 4H, СЯ 2 СН 2 ), 3.3-4.1 (m, 8Н, ОСН2, СН2Вг and 
СН2ОН), 6.90 (m, 4Н, АгН). 
(3-(4-Bromobutoxy)phenoxy)propanol (lie). 
This compound was prepared as described for l i b , using 0.46 g (2.7 mmol) of 10a 
(m=3), 1.8 g (8.3 mmol) of 1,4-dibromobutane and 1.20 g (10.2 mmol) of potassium 
carbonate. After purification by column chromatography (silica, eluent: methanol-
chloroform = 1.5:98.5 v/v) 622 mg (75%) of product was isolated as a colorless oil. 
iH-NMR (90 MHz, CDCI3): δ 1.9-2.5 (m, 6H, CH 2 and CH 2CH 2), 3.1-4.2 (m, 8H, OCH2, 
СН2Вг and СН2ОН), 6.9 (m, 4Н, АгН). 
l-(2-N,N-Dimethyldithiocarbamatoethoxy)-2-(3-hydroxypropoxy)benzene (12а). 
То a solution of 1.15 g (4.2 mmol) of compound I la in 20 ml of acetonitrile was added 
1.95 g (10.8 mmol) of sodium dimethyldithiocarbamate dihydrate. After evaporation of 
the solvent, the mixture was dissolved in dichloromethane, washed with water and 
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brine and dried (Na2SC>4). The solvent was removed in vacuo and the product was 
purified by column chromatography (silica, eluent: methanol-chloroform = 1:99 v/v) 
yielding 1.09 g (83%) as a off-white solid. 
iH-NMR (90 MHz, CDCI3): δ 2.1 (m, 2H, CH 2 ), 2.9-4.4 (m, 8Н, ОСН 2, CH 2S and 
СН2ОН), 3.4 (s, 3H, NCH3), 3.5 (s, 3H, NCH3),6.9 (m, 4H, ArH). 
l-(3-N,N-Dimethyldithiocarbamatopropoxy)-2-(2-hydroxyethoxy)benzene (12b). 
This compound was prepared as described for 12a. using 0.88 g (3.2 mmol) of l i b and 
1.15 g (6.4 mmol) of sodium dimethyldithiocarbamate dihydrate. After purification by 
column chromatography (silica, eluent: methanol-chloroform = 1:99 v/v) 0.80 g (79%) 
of product was isolated as an off-white solid. 
iH-NMR (90 MHz, CDCI3): δ 2.0 (m, 2H, CH 2 ), 3.5-4.4 (m, 8Н, ОСН 2, CH 2 S and 
СН2ОН), 3.4 (s, ЗН, NCH3), 3.5 (s, 3H, NCH3),6.9 (m, 4H, ArH). 
l-(3-N,N-Dimethyldithiocarbamatopropoxy)-2-(3-hydroxypropoxy) benzene (12c). 
This compound was prepared as described for 12a. using 1.10 g (3.8 mmol) of l i e and 
0.85 g (4.8 mmol) of sodium dimethyldithiocarbamate dihydrate. After purification by 
column chromatography (silica, eluent: methanol-chloroform = 2:98 v/v) 1.02 g (82%) 
of product was isolated as an off-white solid. 
! H - N M R (90 MHz, CDC13): δ 1.9-2.5 (m, 4H, СЯ 2), 3.2-4.3 (m, 8H, OCH2, CH2S and 
CH2OH), 3.4 (s, ЗН, NCH3), 3.5 (s, ЗН, NCH3), 6.9 (m, 4H, ArH). 
l-(4-N,N-Dimethyldithiocarbamatobutoxy)-2-(2-hydroxyethoxy)benzene (12d). 
This compound was prepared as described for 12a. using 0.78 g (2.7 mmol) of l i d and 
0.97 g (5.4 mmol) of sodium dimethyldithiocarbamate dihydrate. After purification by 
column chromatography (silica, eluent: methanol-chloroform = 2:98 v/v) 0.76 g (86%) 
of product was isolated as an off-white solid. 
iH-NMR (90 MHz, CDC13): δ 1.9 (m, 4H, CH 2CH 2), 3.4-4.4 (m, 8Н, ОСН2, CH2S and 
СН2ОН), 3.3 (s, ЗН, NCH3), 3.4 (s, ЗН, NCH3), 6.9 (m, 4H, ArH). 
l-(4-N,N-Dimethyldithiocarbamatobutoxy)-2-(3-hydroxypropoxy)benzene (12e). 
This compound was prepared as described for 12a. using 0.62 g (2.05 mmol) of l i e and 
0.48 g (2.7 mmol) of sodium dimethyldithiocarbamate dihydrate. After purification by 
column chromatography (silica, eluent: methanol-chloroform = 1:99 v/v) 1.02 g (68%) 
of product was isolated as an off-white solid. 
iH-NMR (90 MHz, CDC13): δ 1.7-2.2 (m, 6H,CH2 and CH 2CH 2), 3.1-4.2 (m, 8H, OCH2, 
CH2S and CH2OH), 3.4 (s, ЗН, NCH3), 3.5 (s, ЗН, NCH3), 6.9 (m, 4H, ArH). 
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3-(2-(2-Sulfhydrylethoxy)phenoxy)propanol (13a). 
Under a dinitrogen atmosphere 1.09 g (3.5 mmol) of 12a and 0.6 g (15.8 mmol) of 
lithium aluminum hydride was dissolved in 80 ml of THF. After stirring for 2 hrs. at 
40°C the solution was cooled to 4°C and acidified with 6N aqueous HCl. The mixture 
was extracted with dichloromethane and the organic layer was washed with water (3x), 
dried (Na2S04), and evaporated to dryness. The product was purified by column 
chromatography (silica, eluent: methanol-chloroform = 3:97 v/v). 
2-(2-(3-Sulfhydrylpropoxy)phenoxy)ethanol (13b). 
This compound was prepared as described for 13a. using 0.70 g (2.2 mmol) of 12b and 
1.29 g (7.6 mmol) of lithium aluminum hydride. After purification by column 
chromatography (silica, eluent: methanol-chloroform = 1:99 v/v) 0.333 g (66%) of 
product was isolated as an oil. 
!H-NMR (90 MHz, CDCI3): δ 1.49 (t, IH, SH, J = 8 Hz), 2.09 (m, 2H, CH2), 2.74 (dt, 2H, 
CH2S, J = 6 Hz, J = 8 Hz), 3.75-4.25 (m, 6H, OCH2 and CH2OH), 6.9 (m, 4H, ArH). Anal. 
caled for C11H16O3S: %C, 57.87; %H, 7.06; %S, 14.04. Found: %C, 58.11; %H, 6.91; %S, 
12.05. ΕΙ-MS: m/z = 228 (M+H)+, 154 (M-(CH2)3SH+H)+, 110 (M-(CH2)3SH(CH2)2OH 
+H)+. 
3-(2-(3-Sulfhydrylpropoxy)phenoxy)propanol (13c). 
This compound was prepared as described for 13a. using 1.02 g (3.1 mmol) of 12c and 
1.3 g (9.2 mmol) of lithium aluminum hydride. After purification by column 
chromatography (silica, eluent: methanol-chloroform = 2:98 v/v) 616 mg (82%) of 
product was isolated as an oil. 
1H-NMR (90 MHz, CDCI3): δ 1.42 (t, IH, SH, J = 8 Hz), 1.8-2.2 (m, 4H, CH2), 2.73 (dt, 2H, 
CH2S, J = 6 Hz, J = 8 Hz), 3.13 (br, IH, OH), 3.85 (dt, 2H, CH2OH), 4.1 (m, 4H, OCH2 ), 6.89 
(m, 4H, ArH). Anal, caled for C i 2 H i 8 0 3 S : %C, 59.48; %H, 7.49; %S, 13.23. Found: %C, 
59.64; %H, 7.53; %S, 11.92. ΕΙ-MS: m/z = 242 (M+H)+, 168 (M-(CH2)3SH+H)+, 110 (M-
(CH2)3SH-(CH2)3OH+H)+. 
2-(2-(4-Sulfhydrylbutoxy)phenoxy)ethanol(13d). 
This compound was prepared as described for 13a. using 0.76 g (2.2 mmol) of 12d and 
1.2 g (7.6 mmol) of lithium aluminum hydride. After purification by column 
chromatography (silica, eluent: methanol-chloroform = 2:98 v/v) 340 mg (73%) of 
product was isolated as an oil. 
1H-NMR (90 MHz, CDCI3): δ 1.42 (t, IH, SH, J = 8 Hz), 1.75-1.98 (m, 4H, CH2CH2), 2.61 
(dt, 2H, CH2S, J = 6 Hz, J = 8 Hz), 2.91 (br, IH, OH), 3.80-4.20 (m, 6H, OCH 2 and CH2OH), 
6.9 (m, 4H, ArH). Anal, caled for C i 2 H i 8 0 3 S : %C, 59.48; %H, 7.49; %S, 13.23. Found: %C, 
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59.04; %H, 7.40; %S, 11.37. ΕΙ-MS: m/z = 242 (M+H)+, 154 (M-(CH2)4SH+H)+, 110 (М-
(CH2)4SH-(CH2)20H+H)+. 
3-(2-(4-Sulfhydrylbutoxy)phenoxy)propanol (13e). 
This compound was prepared as described for 13a. using 0.48 g (1.4 mmol) of 12e and 
0.53 g (9 mmol) of lithium aluminum hydride. After purification by column 
chromatography (silica, eluent: methanol-chloroform = 2:98 v/v) 264 mg (74%) of 
product was isolated as an oil. 
Ш-NMR (90 MHz, CDCI3): δ 1.42 (t, IH, SH, J = 8 Hz), 1.8-2.0 (m, 6H, CH2 and 
CH2CH2), 2.63 (dt, 2H, CH2S, J = 6 Hz, J = 8 Hz), 3.03 (br, IH, OH), 3.9 and 4.20 (m, 6H, 
OCH2 and CH2OH), 6.9 (m, 4H, ArH). Anal, caled for C13H20O3S: %C, 60.91; %H, 7.86; 
%S, 12.51. Found: %C, 60.86; %H, 7.91; %S, 11.29. ΕΙ-MS: m/z = 242 (M+H)+, 224 (M-
SH+H)+, 168 (M-(CH2)4SH+H)+, 110 (M-(CH2)4SH-(CH2)30H+H)+. 
(2-Methoxyphenoxy)acetic acid (14). 
To a solution of 1.16 g (43.8 mmol) of sodium hydride in 125 ml of DMF was added 2.5 
g (20.1 mmol) of guaiacol and 2.0 g (21.2 mmol) of chloroacetic acid. After stirring for 5 
days at ambient temperature, 75 ml of water was added. The resulting mixture was 
acidified to pH<5 with 6N aqueous HCl. The mixture was extracted with toluene. The 
organic layer was washed with brine and dried (MgSC>4). After evaporation of the 
solvent, the product was crystallized from CHCI3, giving 2.8 g (76%) of a white solid. 
iH-NMR (100 MHz, CDCI3): δ 3.81 (s, 3H, OCH3), 4.62 (s, 2Н, ОСН2С(0)), 6.9-7.1 (m, 4Н, 
ArH), 10.25 (b,lH,C(0)OH). 
2-(2-Methoxyphenoxy)-N-phenylacetamide (15a). 
То a solution of 1.5 g (8.23 mmol) of 14 and 1.67 g (9.09 mmol) of pentafluorophenol in 
175 ml of ethylacetate was added 1.70 g (8.23 mmol) of dicyclohexylcarbodiimide at 0°C. 
After stirring for 1 hr. at 0°C and 30 mins. at room temperature, the mixture was 
filtered. To this filtrate 0.828 ml (9.07 mmol) of aniline was added and the mixture was 
stirred overnight. After evaporation of the solvent, the product was crystallized from 
isopropanol, yielding 1.7 g (80%) of a white solid. 
iH-NMR (100 MHz, CDCI3): δ 3.94 (s, 3H, OCH3), 4.66 (s, 2H, ОСН2С(0)), 6.9-7.7 (m, 9Н, 
ArH), 8.96 (b, IH, NH). 
2-(2-Methoxyphenoxy)-N-(4-methylphenyl)acetamide (15b). 
This compound was prepared as described for 15a. giving 0.96 g (86%) of a white solid. 
Modulation of the redox potential 95 
iH-NMR (100 MHz, CDCI3): δ 2.33 (s, 3H, CH 3 ), 3.94 (s, ЗН, ОСН 3 ), 4.65 (s, 2Н, 
ОСН2С(0)), 6.8-7.1 (m, 4Н, АгН), 7.15 (d, 2Н, АгН, J=8.4 Hz), 7.48 (d, 2Н, АгН, J=8.4 Hz), 
8.87 (b, IH, NH). 
2-(2-Hydroxyphenoxy)-N-phenylacetamide (16a). 
То 0.92 g (34 mmol) of aluminum in 125 ml of dry, oxygen free CS2 was added 9.05 g 
(36 mmol) of iodine. This mixture was refluxed for 2 hrs.. After cooling to room 
temperature, 1.57 g (6.1 mmol) of 15a was added and the resulting mixture was 
refluxed overnight. After the addition of 100 ml of icewater, the mixture was extracted 
with diethylether. The organic layer was washed with 5% aqueous sodium 
thiocarbonate and afterwards extracted with IN aqueous sodium hydroxide. The 
resulting mixture was acidified to pH<5 with 6N aqueous HCl. The mixture was 
extracted with diethylether. The organic layer was washed with brine, dried (MgSC»4), 
and the solvent was removed under reduced pressure. After crystallization from 
chloroform, 0.84 g (56%) of a white solid was isolated. 
iH-NMR (100 MHz, CDCI3): δ 4.71 (s, 2H, OCH2C(0)), 5.95 (b, IH, АгОН), 6.9-7.7 (m, 9H, 
АгН), 8.15 (b, IH, NH). 
2-(2-Hydroxyphenoxy)-N-(4-methylphenyl)-acetamide (16b). 
This compound was prepared as described for 16a. giving 0.48 g (53%) of a white solid. 
ІН-NMR (100 MHz, CDCI3): δ 2.32 (s, ЗН, CH3), 4.68 (s, 2Н, ОСН2С(0)), 6.22 (b, IH, 
АгОН), 6.8-7.1 (m, 4H, АгН), 7.13 (d, 2Н, АгН, J=8.4 Hz), 7.42 (d, 2Н, АгН, J=8.4 Hz), 8.16 
(b, IH, NH). 
N-Phenyl-2-[2-(2-tritylsulfanylethoxy)-phenoxy]-acetamide (17a). 
То a solution of 0.75 g (3.1 mmol) of 16a and 1.19 g (3.1 mmol) of l-bromo-2-
tritylsulfanylethane in 175 ml of acetonitrile, 2.3 g of potassium carbonate was added. 
After refluxing for 72 hrs., the solvent was removed and the residue was redissolved 
in dichloromethane. The mixture was washed with water (3x), IN aqueous NaOH, 
water, and brine. After drying (Na2SC»4) and evaporation of the solvent, the product 
was purified by column chromatography (silica, eluent: dichloromethane) followed by 
crystallization from hexane, giving 0.09 g (5.3%) of a white solid. 
Mp 124°C. Ш-NMR (100 MHz, CDCI3): δ 2.70 (t, 2H, CH2S, J=6.6 Hz), 3.82 (t, 2H, OCH2, 
J=6.6 Hz), 4.59 (s, 2H, OCH2C(0)), 6.9-7.7 (m, 24H, ArH), 8.8 (b, IH, NH). Anal, caled for 
C35H31O3SN: %C, 77.04; %H, 5.57; %S, 5.86; %N, 2.57. Found: %C, 74.78; %H, 5.57; %S, 
5.78; %N, 2.55. ΕΙ-MS: m/z 302 (M-C(Ph)3). 
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N-(4-Methylphenyl)-2-[2-(2-rritylsulfanylethoxy)-phenoxy]acetamide (17b). 
This compound was prepared as described for 17a. giving 0.15 g (14%) of a white solid. 
Mp 138°C. 1H-NMR (100 MHz, CDCI3): δ 2.32 (s, 3H, CH3), 2.70 (t, 2Н, CH2S, J=6.3 Hz), 
3.81 (t, 2H, OCH2, J=6.3 Hz), 4.58 (s, 2H, OCH2C(0)), 6.6-7.7 (m, 23H, ArH), 8.75 (b, IH, 
NH). Anal, caled for C36H33O3SN: %C, 77.25; %H, 5.94; %S, 5.73; %N, 2.50. Found: %C, 
76.81; %H, 6.01; %S, 5.83; %N, 2.46. ΕΙ-MS: m/z 316 (M-C(Ph)3). 
2-[2-(2-Mercaptoethoxy)phenoxy]-N-phenylacetamide (18a). 
Under a dinitrogen atmosphere 60 mg (0.11 mmol) of 17a and 100 mg (0.33 mmol) of 
silver acetate was dissolved in 5 ml of methanol. After stirring for 18 hrs. the solution 
was acidified with 5 ml of a degassed IN aqueous HCl solution. The mixture was 
extracted with degassed diethylether and the organic layer was washed with degassed 
brine, dried (Na2SC>4) and evaporated to dryness. The product was purified by column 
chromatography (silica, eluent: methanol-chloroform = 1:99 v/v), to give a white 
solid. 
1H-NMR (100 MHz, CDCI3): δ 1.68 (t, IH, SH, J=8.2 Hz), 2.95 (m, 2H, CH2S), 4.21 (t, 2H, 
OCH2, J=6.3 Hz), 4.64 (s, 2H, OCH2C(0)), 6.9-7.7 (m, 9H, ArH), 8.8 (b, IH, NH). 
2-[2-(2-Mercaptoethoxy)-phenoxy]-N-(4-methylphenyl)-acetamide (18b). 
This compound was prepared as described for 18a. 
Ή-NMR (100 MHz, CDCI3): δ 1.69 (t, IH, SH, J=8.3 Hz), 2.33 (s, 3H, CH3), 2.85-3.05 (m, 
2H, CH2S), 4.21 (t, 2H, OCH2, J=6.3 Hz), 4.63 (s, 2H, OCH2C(0)), 6.9-7.7 (m, 8H, ArH), 8.8 
(b, IH, NH). 
Syntheses of the cluster complexes 
[Fe4S4Cl4](Bu4N)2, [ F e ^ S t B u ^ K B ^ N h , [Ре454(51Ви)4](Р1і4Р)2, and [Fe4S4Cl4](Ph4P)2 
were prepared as described in the literature14. 
All thiolate ligated cluster compounds showed in the UV-vis spectra (DMF) 
absorption maxima at ca. 290 nm (50.000 M^cnr 1 ), 300 nm (sh, 25.000 M^cnr 1 ) , and 
420 nm (15.000 M-knr 1 ) . 
Exchange reactions with the monothiol ligands. 
To a stirred solution of either 100 mg of [Fe4S4Cl4](Bu4N)2 or 100 mg of [Fe4S4CU] 
(Ph4P) 2 in 25 ml of acetonitrile was added 4.1 mol equivs. of the appropriate 
monothiol and 4.1 mol equivs. of an 0.81 M n-Bu4NOH solution in methanol. 
Subsequently, 50 ml of diethylether was added. After diffusion of the diethylether in 
the acetonitrile layer a black precipitate was formed in 80-90% yield. 
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Product of the reaction with 4b: *H-NMR (90 MHz, 298 K, [2H6]DMSO) δ 0.9 (24H, 
NCH2CH2CH2CH3), 1.3 (16H, NCH2CH2CH2CH3), 1.6 (16H, NCH2CH2CH2CH3), 2.8 
(8H, CH2), 3.2 (16H, NCH2CH2CH2CH3), 3.8 (12H, OCH3), 4.6 (8H, OCH2), 6.9 (16H, 
ArH), 13.5 (br, 8H, CH2S). Anal, caled for C72Hi2408S8Fe4N2: %C, 53.20; %H, 7.69; %S, 
15.78; %N, 1.72. Found: %C, 51.78; %H, 7.36; %S, 15.71; %N, 1.61. 
Product of the reaction with 4d: *H-NMR (90 MHz, 298 K, [2H6]DMSO) δ 0.9 (24H, 
NCH2CH2CH2CH3), 1.3 (16H, NCH2CH2CH2CH3), 1.6 (16H, NCH 2 CH 2 СН 2СНз), 3.2 
(16H, NCH2CH2CH2CH3), 3.8 (9H, ОСНз), 5.1 (6H, OCH2), 7.0 (16H, ArH ), 7.4 (16H, 
XylH), 13.7 (8H, CH2S). 
Reactions with 13a - e: The products of the reactions with thiol ligands 13a - e were 
characterized by ^H-NMR. In the NMR spectra all signals, except the spacer signals 
were found at approximately the same shift values as those found for the 
corresponding free thiol ligands. For the spacer resonances isotropic shifts were 
observed which are in agreement with those reported in the literature (а-СНг: 10.3 
ppm, γ-СНг: 0.5 ppm, the ß-СНг signals are obscured by signals of the counter ion. 
Exchange reactions with the CTV-thiol ligands. 
To a stirred solution of either 100 mg of [Fe4S4Cl4](Bu4N)2 or 100 mg of 
[Fe4S4CU](Ph4P)2 in 100 ml of DMF was added 1.0 mol equivs. of the appropriate CTV-
thiol and 3.0 mol equivs. of an 0.81 M n-B^NOH solution in methanol. Subsequently 
100 ml of diethylether was added. After diffusion of the diethylether in the DMF layer 
a black precipitate was formed in 80-90% yield. 
All products were characterized by UV-vis spectroscopy, cyclic voltammetry, and 
differential pulse voltammetry. The characteristic features are given in the text. 
Product of the reaction with fig: see Chapter 2. 
Product of the reaction with fib.: iH-NMR (90 MHz, 298 K, [2H6]DMSO) δ 0.9 (24H, 
NCH2CH2-CH2CH3), 1.3 (16H, NCH2CH2CH2CH3), 1.6 (16H, NCH2CH2CH2CH3), 2.8 
(6H, CH2), 3.2 (16H, NCH2CH2CH2CH3), 3.6 (3H, H e q ) , 3.7 (9H, OCH3), 4.6 (6H, OCH2), 
4.8 (3H, Η«), 7.1 (6H, ArH), 12.9 (br, 6H, CH2S). 1 3 C NMR (CDC13): δ 13.5 (СНз), 19.3 
(NCH2CH2CH2CH3), 23.1 (NCH2CH2CH2CH3), 35.0 (CH2-bridge), 55.8 (NCH2), 57.6 
(OCH3), 66.8 (OCH2), 113.8 (ArCH), 115.3 (ArCH), 131.9 (ArCCH2), 132.3 (ArCCH2), 146.2 
(ArCO), 147.6 (ArCO), the broadened CH2S resonance was not observed. Anal, caled for 
C65Hin06S7Fe4N2Cl: %C, 52.05; %H, 7.46; %S, 14.96; %N, 1.87. Found: %C, 52.76; %H, 
6.77; %S, 13.76; %N, 1.56. 
Product of the reaction with fid; see Chapter 2. 
Product of the reaction with fie.: Ή-NMR (90 MHz, 298 K, [2H6]DMSO) δ 0.9 (24H, 
NCH2CH2-CH2CH3), 1.3 (16H, NCH2CH2CH2CH3), 1.6 (16H, NCH2CH2CH2CH3), 3.2 
(16H, NCH2CH2CH2CH3), 3.4 (3H, Heq), 3.7 (9H, OCH3), 4.6 (3H, H a x ) , 5.0 (6H, OCH2), 
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Substitution reactions with OH" ions. 
To an 0.1 mM solution of [Fe4S4(CTV(ORS)3)Cl]2- in DMF was added, while stirring, 
1.5 mol equivs. of a 0.81 M п-ВщЫОН solution in methanol. These exchange 
reactions were all performed in the electrochemical cell in the presence of 0.1 M 
tetrabutylammonium hexafluorophosphate as supporting electrolyte, and the 
voltammograms were recorded in situ. The products obtained from these reactions 
were not isolated. 
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CHAPTER 5 
Model for a proposed arrangement in 
sulfite-reductase: a bridged [4Fe-4S] cluster 
- iron porphyrin assembly 
5.1 Introduction 
In the anaerobic bacterium Desulfovibrio vulgaris, the dissimilatory sulfite reductase 
enzyme catalyzes the conversion of sulfite to sulfide and water, as one of the steps in a 
sulfate-based respiration chain. Other organisms also contain sulfite reductases, which 
produce sulfide for the assimilation of sulfur containing compounds. All these sulfite 
reductases are characterized by the presence of siroheme functions and one or more 
iron-sulfur clusters. Interestingly the number of siroheme groups, whether the 
siroheme is metallated or not, and the number of iron and sulfur atoms in the iron-
e 
Rest: Fe(lll); [4Fe-4S]2+ 
le " : Fe(ll); [4Fe-4S]2+ 
2e' : Fe(ll); [4Fe-4S]1+; active 
S Fe 
H02C Substrate 
Figurel. Model for the active site of F. Coli sulfite reductase as proposed by Siegel (réf. 1). 
F.4-S' 
/ * - \ - / 
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sulfur clusters are variable. For the assimilatory sulfite reductase of Escherichia coli, 
Siegel1 proposed that a siroheme function and a site-differentiated cubane [4Fe-4S] 
cluster are linked via the sulfur of a putative cysteinyl residue (Figure 1). It should be 
noted that Hagen2 showed that this model is not correct for at least the dissimilatory 
sulfite reductases in both Desulfovibrio vulgaris and Desulfosarcina variabilis. 
Because research on metallo proteins and metallo enzymes is very complicated, 
synthetic analogues have proven to be useful in the elucidation of the structure and 
the mechanism of a wide variety of these biomolecules. The first model systems for 
sulfite reductase were synthesized by Holm and co-workers and consist of a subsite-
differentiated [4Fe-4S]2+ cluster linked to an iron complex by means of a pyridine-4-
thiolate bridge3. Recently, the same group achieved a structurally better model by 
using a sulfide bridge4. This model however, was only characterized by îH-NMR 
spectroscopy. Another approach is that used by Wilson5, who tries to attach a 
porphyrin, as a model for siroheme, to a [4Fe-4S]2+ core by means of long spacer 
groups. In this model system there is no bridging ligand. 
In this Chapter we present a novel synthetic analogue of the assimilatory E. coli sulfite 
reductase active site as proposed by Siegel, based on the subsite-differentiated [4Fe-4S] 
clusters described previously in Chapters 2 and 3. Instead of the siroheme part we used 
an iron tetraphenylporphyrin. 
5.2 Results and discussion 
5.2.1 Synthesis 
In Chapter 3 we showed that [4Fe-4S] clusters with a CTV-thiol can undergo subsite 
specific reactions. If we were able to attach an iron porphyrin at the unique site of these 
clusters, we would have an interesting sulfite reductase model. It has been reported in 
the literature that reaction of [Fe4S4(SPh)4]2~ with iron(III) octaethylporphyrin chloride 
(Fe(III)OEPCl)9 leads to a ligand exchange, i.e. the axial base of the porphyrin, CI is 
replaced by a thiophenolate. 
In the following we will describe routes to prepare the desired model systems. As 
starting materials we used [Fe4S4Cl4]2", the subsite-differentiated cluster compound 
KS'Bu) ([Ре454(СТ (лі-Ху15)3(5*Ви)]2-) and Fe(III) tetraphenylporphyrin chloride 
(Fe(III)TTPCl 2). 
To investigate whether Fe(TPP)Cl is able to react with a [4Fe-4S] cluster, we first added 
[Fe4S4Cl4]2" to a solution of Fe(TPP)Cl in DMF. It turned out that this was indeed the 
case (see for further details Section 5.2.2). Subsequently, we tried to connect the subsite-
differentiated cluster and the porphyrin by a sulfide bridge. Compound l(S'Bu) was 
reacted with 1 equivalent of pivaloyl chloride followed by 1 equivalent of sodium 
hydrogen sulfide. This resulted in the substitution of the t-butylthiolate ligand for a 




v i 4 
Y: Probably a solvent molecule 
hydrogen sulfide ligand (1(SH)). We tried to deprotonate this cluster compound with 
triethylamine or hydroxide ions, but no reaction occurred. However differential pulse 
voltammetry (DPV) and the UV-vis spectroscopy showed that a new compound was 
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formed when Fe(III)TPPCl (2) was added to the reaction mixture. The presence of a 
base had no effect on this reaction. The same compound was obtained when sodium 
hydrogen sulfide and compound 1(C1) ([Fe4S4(CTV(m-XylS)3(Cl)]2") were subsequently 
added to Fe(III)TPPCl. Also in this case a base did not influence the product formation. 
From these experiments we can conclude that the product is not influenced by the 
reaction sequence or the presence of base. Reaction of cluster l(S lBu) or 1(C1) with 
Fe(III)TPPCl resulted in compounds with similar electrochemical properties (see 
Section 5.2.2). 
For further studies we decided to focus on the product formed in the reaction of 
compound 1(Б*Ви) with Fe(III)TPPCl (2). A possible structure of the adduct (3_) is 
depicted in Scheme 1. Compound 3 is soluble in organic solvents such as dichloro-
methane and acetonitrile, in contrast to l(S'Bu), and insoluble in diethylether, hexane, 
and toluene. 
We tried an alternative synthesis for compound 3_, viz. by using μ-οχο-Μ8(ΪΓοη(ΙΠ) 
tetraphenylporphyrin), (FeTPP)20 as the iron porphyrin donor, but this method was 
not successful. According to UV-vis and DPV no reaction had taken place. 
To prepare a compound analogous to 3 with an oxygen bridge, 1(5*Ви) was reacted 
with (iron(III) tetrakis(2,6-difluorophenyl)porphyrin hydroxide (Fe(III)F8-TPPOH). 
This compound was recently used to synthesize an oxo-bridged iron(III) porphyrin-
copper(II) species6. However, according to DPV, UV-vis and EPR, Fe(III)F8-TPPOH was 
not reactive towards l(S fBu). The addition of triethylamine in order to deprotonate 
the hydroxy ligand or the use of the chloro derivative 1(C1), did not alter the reactivity. 
5.2.2 Characterization 
The structure of 3 and other compounds, formed in the reactions mentioned in 
Section 5.1.2 were investigated by different physical techniques which will be discussed 
below. Only compound 3 was isolated, the measurements of the other reactions were 
performed on the crude reaction mixture. 
Electrochemistry 
The most important factors that influence the half-wave potentials of iron porphyrins 
are the solvent, the substituents on the ring, and the axial ligand7. The electrochemical 
properties of the products from the reactions of different [4Fe-4S] clusters and FeTPPCl 
are given in Table 1. 
The product obtained after reacting Fe(III)TPPCl with [Fe4S4Cl4]2- in DMF (entry 9) 
displayed no Fe(III)TPPCl reduction wave at -0.65 V (vs. Fc°/+). The shoulder at -1.1 V 
probably is a shifted Fe(III)/Fe(II) redox reaction belonging to FeTPP in the reaction 
product. The [4Fe-4S] cluster core reduction had shifted -10 mV, whereas the wave of 
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Table 1. Half-wave potentials of the mixtures obtained from the reaction of [4Fe-4S] clusters and 
FeTPPCI, and reference compounds8. 
Compound/ 
Reaction 
1 FeTPPCI (2) 
2 FeTPPCI + SH" 
3 FeTPPCI + OH" 
4 FeTPPCI + SH"+OH" 




9 [ F e ^ l J 2 · + FeTPPCI 
10 [Fe^S^CIJ2 + FeTPPCI + 
11 [Feßfirf + FeTPPCI + 
12 [FeSfirf + FeTPPCI+ Í 
13 l(Sbu) 
14 i (a> 
15 IfSH) 
16 l (SH)+OH 
17 1SH + (OH+) FeTPPCI 







-1 08 (sh) 
-0 75 
•1 08 (sh) 
-1 1 (sh) 
-1.1 (sh) 
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aln DMF vs Fc(v+ bln the presence of 20 mM Ba2+ For the [4Fe-4S] core containing compounds, 
the Erestwas always found at about -0 6 V 
the irreversible core oxidation remained constant. Addition of hydrogen sulfide did 
not change the DPV (entry 10). The addition of both hydrogen sulfide and hydroxide 
resulted in the disappearance of the core oxidation at -0.17 V and the appearance of an 
oxidation wave at -0.38 V (entry 11). From the absence of a reduction wave at -1.94 V 
we may conclude that no [Fe4S4(OH)4]2" was formed (see entry 8 and Chapter 3). The 
sulfide bridged cluster [(Fe4S4Cl3)2S]2" is not formed either because waves at -1.47 and 
-1.69 V (entry 7) are not observed. Table 1 further shows that no reaction products of 
FeTPPCI with either OH" or S2" were formed (entries 3 and 4). The combined data 
suggest that from the reaction of Fe(IH)TPPCl with [Fe4S4Cl4]2" a new adduct can be 
formed, which probably contains an iron-sulfur cluster and an iron porphyrin moiety. 
This result is in contrast to what is found in the literature for the reaction of 
[Fe4S4(SPh)4]2- with iron(III) octaethylporphyrin chloride (Fe(III)OEPCl), which has 
been reported to yield only Fe(III)TPP(SPh) and chloro substituted clusters9. 
The DP voltammogram of 3 (Table 1, entry 19) in DMF is almost a superposition of the 
DP voltammograms of the separate components (entries 1 and 13). Only the half-wave 
potential of the metal-centered first reduction of the iron porphyrin moiety is shifted 
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UV-vis 
That reactions take place between our [4Fe-4S]2+ clusters and Fe(III)TPPCl is also clear 
from UV-vis spectroscopy. The product of the reaction between FeTPPCl, hydrogen 
sulfide and 1(C1), displayed in DMF a Soret band that had shifted by 13 nm (Table 2). 
The β band originally present at 509 nm had shifted to 532 nm. The α band (X
m a x
 ca. 
570 nm) showed a small blue shift. Other weak absorbances were found which were 
ascribed to charge transfer bands. Compound 3 showed a similar spectrum. 
Oxidation of iron porphyrins usually results in a blue shift of the Soret band 1 0 , so we 
may conclude that the iron porphyrin is not oxidized. Another possibility is that 
Fe(Il)TPP is formed together with RSSR11. The UV-vis spectrum gave no indication 
for such a reaction. The data suggest that the iron porphyrin is still intact and that its 
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oxidation state is the same as in FeTPPCl. This means that the oxidation state of the 
cluster moiety must also be the same. In the UV-vis spectra indeed no indications 
were present of a reduced [4Fe-4S]+ core1 2. 





































The Soret band of 1 showed solvatochromic behavior in different solvents, such as 
ethanol, dichloromethane, DMF, acetonitrile, acetone, DMSO, and THF. Its position 
changed from 417 nm in dichloromethane to 434 in DMF. The other bands did not 
display such solvent dependent shifts. After reaction with oxygen, the absorbance with 
a maximum at 532 nm disappeared and the Soret band shifted back to 413 nm. We 
think that probably the oxygen sensitive cluster moiety was degraded. This could not 
be checked by UV-vis because cluster bands were obscured by the Soret band of the 
porhyrin ring, which has a larger extinction coefficient (103 vs. 105 IvHcnr 1). 
EPR 
A frozen solution of Fe(III)TPPCl in DMF gave EPR signals at g=5.98, and one at g=2.01, 
indicative of a high spin iron(III) porphyrin. Addition of hydrogen sulfide very likely 
leads to substitution of the axial chloro ligand by a hydrogen sulfide function. 
According to EPR this compound was also in high spin state (g=6.00, and g=2.02). In 
the EPR spectrum of 1 in frozen DMF the iron(III) high spin signal had disappeared 
and broad signals at, g=3.08, and g=3.95 ("S=3/2" type) together with some signals of 
the "S=l/2" type (g=2.08, and g=2.16), were visible. The "S=l/2" type signals might be 
due to impurities, often found in synthetic [4Fe-4S] samples. In the reaction mixture of 
1(C1) and FeTPPCl, the g values had significantly shifted (g=4.05, g=3.10, g=2.15 and, 
g=2.08), which may indicate that the product has a different bridging ligand. In frozen 
dichloromethane typical high spin (S=5/2) signals at g=6.07, and g= 2.08 were found for 
compound 1. The spectrum in this solvent did not change in the temperature range of 
6 - 80 K. 
From these results we tentatively conclude that in DMF, due to the presence of a thiol 
bridge and probably a solvent molecule, the iron(III) porphyrin moiety has a S=3/2 
spin state, whereas in dichloromethane, it has a S=5/2 state. 
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NMR 
The 1H-NMR spectrum of 3. in DMSO-d6 showed the characteristic features of 
[Fe4S4(CTVS3)L']2" clusters, i.e. isotropic shifts that are sensitive to the nature of the 
unique ligand L'. At 298 К the CH2S protons of compound 3 were found at 15.3 ppm, 
whilst for reactant 1(Б*Ви), there chemical shift value is 13.5 ppm. As expected for a 
paramagnetic ground state, the isotropic shifts of 3 decreased with increasing 
temperature: at 320 К the CH2S protons were observed at 13.3 ppm. This behavior is in 
contrast with the compounds [Fe4S4(CTVS3)L']2" which have a S=0 ground state and 
thermally excitable paramagnetic states (see Chapter 2). The latter compounds display 
an increasing isotropic shift with increasing temperature. In the region where the 
resonances of the pyrrole protons of high spin Fe(III)TPPCl are located, compound 3 
showed two resonances with low intensity, viz. at 79.1 ppm and 72.6 ppm, 
respectively. These signals may come from traces of porphyrin impurities. Because of 
the broadness of the signals due to the paramagnetic properties of 1 and the overlap of 
the peaks we were unable to assign the signals in the region from 0 to 9 ppm, but the 
pattern could be recognized as being similar to that of compound l(S'Bu) (Figure 2). 
In CDCI3 compound 3 showed a signal at 13.4 ppm and one at 12.3 ppm. We do not 
know which of these resonances belongs to the CH2S protons. 
The NMR data presented above are in agreement with a bridged iron(III) porphyrin 
[4Fe-4S] assembly, but permit no conclusions regarding the nature of the bridging 
ligand. Due to the broadness and overlap of the signals, 1H-NMR is not decisive in 
that respect. For the same reasons 1 3C-NMR shed no light on the nature of the 
bridging ligand. 
Mössbauer 
The Mössbauer spectrum of compound 3. at 77 К could be simulated by assuming the 
presence of three quadrupole doublets in a 3:1:1 ratio (Table 3). The isomer shift of 0.37 
mm/s found for the peak with a relative intensity of 3, and the isomer shift found for 
one of the peaks with intensity of 1, (0.41 mm/s) are typical values for [4Fe-4S]2 + 
cluster cores. The 3:1 subsite-differentiated state of the cluster is reflected in the 
presence of two doublets, which are shifted to lower velocity, implying a loss of 
electron density on the iron nuclei. 
The quadrupole doublet of FeTPPCl is asymmetric, but for compound 1 the best fit 
was obtained with a symmetric doublet at 0.02 mm/s. This value is consistent with an 
Fe(III) porphyrin1 3. 
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Figure 2.1H-NMR spectrum of 3 in DMSO-d6 at room temperature 
Tabel 3 Mòssbauer parameters for 3a-







60 CTV-hgated [4Fe-4S]z 
20 unique [4Fe-4S]2+ 
20 FeOIIJTPP* 
a 7 7 K r=0 29mm/s δ Values are relative to iron foil 
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5.2.3 Nature of the bridging ligand 
The physical measurements presented in the previous Sections are indicative for the 
formation of an iron-sulfur cluster bridged to an iron porphyrin, [(CTVS3)Fe4S4-X-
Fe(IH)TPP]n", but we are not sure about the bridging ligand X. Possible candidates are 
CI, S'Bu, S or a solvent molecule. A S-bridge could be formed after the loss of a t-butyl 
cation. Unfortunately, the elemental analyses were not decisive and with FAB-MS 
measurements we could only detect the Fe(III)TPP unit and the counter ion. A crystal 
was grown from dichloromethane/ether, and gave good reflections, but the structure 
could not be solved, probably because the crystal was a twin crystal. 
One could argue that all new compounds described in this Chapter are chloro-bridged 
[4Fe-4S]2+ cluster-Fe(III)TPP+ assemblies, because in all syntheses chloride ions were 
present. We believe however that the variations in the physical properties of the 
compounds obtained after different preparations point to compounds with different 
bridging ligands. Further studies are required to substantiate this. 
5.2.4 Preliminary study of reactions with other metal porphyrins 
To investigate whether the CTV-based [4Fe-4S] clusters could also form bridged 
assemblies with other metallo porphyrins, we reacted l(S'Bu) with Mn(III)TPPCl, 
Zn(II)TPP, and Cu(II)TPP, respectively. 
The reaction products of l(S'Bu) with MnTPPCl and ZnTPP showed in the UV-vis 
spectra a blue shift of the Soret band compared to the unreacted metallo porphyrins. 
Reaction with CuTPP showed hardly any differences in the UV-vis spectrum. 
The cyclic voltammograms of the reaction mixtures were very similar to those of the 
starting compounds. 
The EPR spectrum of CuTPP in DMF at 20 К shows signals at g=2.32, and g=2.00. After 
the addition of KS'Bu), these signals disappeared. This is an indication that a reaction 
had occurred. ZnTPP, MnTPPCl and the products obtained from reaction of these 
porphyrins with KStßu) were EPR silent so that these EPR measurements give no 
information about a possible reaction. 
Because all the measurements were performed on crude reaction mixtures, it is hard 
to draw conclusions from these results. It is possible that the cluster compound 
l(S lBu) has reacted with the metal porphyrins to give products analogous to 
compound Î, but more extensive studies are required. 
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5.2.5 Preliminary study of the reaction with cyanide 
In the model for E. Coli sulfite reductase of Siegel, the substrate is bound at the axial 
position of the siroheme. The EPR spectra of 1 suggest that in DMF a solvent molecule 
occupies this position, resulting in a S=3/2 iron. In the non-coordinating dichloro-
methane the porphyrin iron is high spin, so it seems likely that a sixth ligand can 
change the electronic properties of compound 3. In view of these results and the fact 
that a cyanide ligand can bind to E. Coli sulfite reductase10, we decided to add an excess 
of cyanide ions to a solution of 3_ in DMF. This resulted in a small red shift of the Soret 
band in the UV-vis spectrum. DPV revealed that the reduction wave had disappeared 
in the product. The proton NMR spectrum of the reaction mixture in DMSO-d6 at 298 
К showed a broad signal with a low intensity at ca. 13.3 ppm. Compared to the 
spectrum of 3_ itself, the pattern in the 0-10 ppm region had not changed. 
From these results we can not decide whether cyanide has reacted with 3_ at the vacant 
axial position or whether the adduct has fallen apart. 
5.3 Conclusion 
Reaction of the site-differentiated cluster compound l(S'Bu) with Fe(HI)TPPCl leads to 
an interesting adduct which most probably has the structure depicted in Scheme 1. 
More detailed studies on the structure and the properties of compound 3_ are required. 
In further investigations this and related structural analogues could be compared with 
naturally occurring metalloproteins. It would also be of great interest to investigate the 
catalytic properties of mimic 3_. 
5.4 Experimental 
Materials 
Unless otherwise indicated, commercial chemicals were used as received. All 
manipulations involving compounds containing a [4Fe-4S] cluster core were carried 
out under an inert atmosphere. All solvents were distilled under a nitrogen 
atmosphere. DMF was predried over activated BaO and distilled under reduced 
pressure. Diethylether was washed with a solution of 6 g of FeSC>4 and 6 ml of 
concentrated H2SO4 in 100 ml of water, predried over СаСІг and distilled from sodium 
benzophenone ketyl. Acetonitrile was purified by a distillation from СаНг-
Dichloromethane was washed with concentrated H2SO4, water, 5% aqueous KOH, 
water, subsequently dried over CaSC>4, and distilled from P2O5. Elemental sulfur was 
purified by sublimation under reduced pressure. Ferrocene was sublimed before use. 
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Physical measurements 
UV-vis spectra were recorded on a Perkin Elmer Lambda 5 spectrometer. J H- and 1 3 C -
NMR spectra were obtained on a Bruker WH-90, a Bruker WM-400, or a Bruker AC-
100 instrument. Chemical shifts are given relative to tetramethylsilane. FAB-MS 
spectra were recorded on a VG 7070E instrument using 3-nitrobenzyl alcohol as the 
matrix. The IR-spectra (Csl pellets) were measured on a Perkin Elmer 1720-X Infrared 
Fourier Transform spectrometer. Mossbauer spectra were determined at the 
Kamerlingh Onnes Institute of the University of Leiden, with a constant-acceleration 
spectrometer, equipped with a 5 7 C o source in a Rh matrix. Powder samples were 
dispersed in boron nitride and sealed in brass rings with kapton windows. Isomer 
shifts are reported relative to Fe metal at 298 K. Cyclic voltammetry and differential 
pulse voltammetry measurements were performed with a EG & G Princeton Applied 
Research Model 273 electrochemistry system, using a conventional three-electrode 
configuration with a platinum auxiliary electrode and a platinum working electrode. 
The working electrode was polished before use, using 0.3 μιη aluminum oxide, 
followed by sonication. In DMF an Ag/AgCl (0.1 M LiCl) reference electrode was used. 
In acetonitrile Ag/Ag+ (0.1 M AgNÜ3) and in dichloromethane Ag/AgI (0.02 M 
BU4NI/O.I M BU4NPF6) were used as the reference electrodes. The half-wave 
potentials are reported relative to the ferrocene/ferricenium couple measured under 
the same conditions. In all solvents tetrabutylammonium hexafluorophosphate 
(BU4NPF6) was used as the supporting electrolyte (0.1 M). The concentration of the 
electroactive species was between 0.1 and 1 mM. Unless otherwise indicated the scan 
rate for the cyclic voltammetry measurements was 100 mV/s and for the differential 
pulse voltammetry measurements 10 mV/s. Elemental analyses were carried out on a 
EA 1108 Carlo Erba instrument. EPR spectra of 0.1 - 1 mM solutions in DMF were 
measured at X-band frequencies on a Bruker ESP 300 spectrometer, equipped with a 
helium continuous flow cryostat. 
Preparation of the compounds 
Compound 1(51Ви) was prepared as described in Chapter 2. FeTPPCl15, (FeTPP^O 1 6, 
ZnTPP 1 5 , CuTPP 1 5, MnTPPCl1 5, and [Fe4S4Cl4](Bu4N)217 were prepared according to 
literature procedures. FeFsTPPOH was provided by D. Corsi, С. F. Martens, S. Fox, and 
К. D. Karlin of the Johns Hopkins University in Baltimore, USA. 
Compound 3. 
To a solution of 100 mg (51.7 IO"3 mmol) of 1(5'Ви)(РРЬ4)2 in 100 ml of DMF was 
added 36.4 mg (51.7 IO"3 mmol) of Fe(III)TPPCl. After evaporation of the solvent, the 
black solid was obtained which was washed with diethylether. 
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! H - N M R (90 MHz, 298 K, [2H6]DMSO): δ 7.4 (40H, РРгц), 15.3 (br, 6H, CH2S). The 
region from 0-7 ppm showed a similar pattern as compound l(S lBu). 1 3C-NMR (100 
MHz, [2H6]DMSO): δ 34.6 (CH2-bridge), 55.9 (OCH3), 70.2 (OCH2), 113.9 (ArCH), 115.5 
(ArCH), 117.2 (ArCH), 118.1 (ArCH), 126.5-137.0 (ArCCH2), 146.3 (ArCO), 147.6 (ArCO), 
162.3. Anal, caled for CnoHic^OeSeFes^P: %C, 63.70; %H, 4.53; %S, 11.33; %N, 2.48. 
Found: %C, 60.63; %H, 4.86; %S, 9.85; %N, 1.78. FAB-MS: m/z = 669 (FeTPP)+. 
Other coupling reactions. 
All coupling reactions were performed as described for compound 3_. The reaction 
products were, however, not isolated from the reaction mixtures. Physical 
measurements like CV, DPV , EPR and UV-vis were done in situ and are presented in 
the text. 
Reaction of compound 3 with cyanide. 
To a solution of 10 mg of 1 in 1 ml of DMSO-d6 was added 10 mg of potassium cyanide. 
After a aH-NMR spectrum was measured, the solvent was evaporated and the product 
was characterized with DPV and a UV-vis as described in Section 5.2.4.. 
Reaction of compound KStBu) with MnTPPCl, ZnTPP, and CuTPP. 
To a solution of 10 mg of KS'Bu) in 10 ml of DMF was added 1 equivalent of the metal 
porphyrin. These compounds were not isolated and physical measurements like CV, 
DPV, EPR and UV-vis were done in situ. The spectral properties of the solutions are 
described in Section 5.2.3.. 
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CHAPTER 6 
Model systems for prismane [6Fe-6S] 
containing proteins 
6.1 Introduction 
Already in the late seventies data were available in the literature - viz, on the iron 
molybdenum cofactor (FeMoco) of nitrogenase - suggesting that iron-sulfur clusters 
could have more than 4 iron atoms1. It was, however, only in 1986 that a paper 
appeared in the literature in which the possibility of larger iron-sulfur clusters in 
proteins was recognized and further supported by experimental evidence2. That iron-
sulfur clusters with more than 4 irons can exist was shown by synthesis in the early 
eighties3. Recently, the 2.7 Â resolution crystal structure of the FeMoco from Azobacter 
vinelandii demonstrated unequivocally that large iron-sulfur clusters do occur in 
metallo enzymes4. 
Prismane [6Fe-6S] clusters are currently receiving a great deal of interest. This is in 
particular due to studies by Hagen et al., who proposed that these clusters are present 
in a protein isolated from Desulfovibrio vulgaris5. The [6Fe-6S] core is probably 
attached to the protein chain by 4 cysteinyl and 2 histidineyl residues. A remarkable 
feature of prismane clusters is the fact that they can adopt the EPR active [6Fe-6S]5+ 
(S=9/2) state. 
The electronic and zero-field Mössbauer spectra of [6Fe-6S]3+ clusters are very similar 
to those of [4Fe-4S]2+ clusters and the small differences that were reported in the 
literature were ascribed to different ligation rather than to different iron-sulfur cores. 
The NMR spectra of prismane clusters show isotropic shifts that are similar in pattern 
to those of the cubane clusters, but are significantly larger. 
Synthetic prismane clusters of the type [FeeSéXé]3" (X=halide, ArO) are known in the 
literature3. When treated with thiolates they yield [Fe4S4(SR)4]2" cluster compounds3e. 
Compounds with a [Fe6S6J5+ core however, have not yet been synthesized probably 
because they are rapidly decomposed by solvent molecules. The synthetic prismane 
clusters [Fe6S6(SR)é]3" are metastable at room temperature and are easily and quantità-
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tively transformed into the cubane homologs. This process being faster inpolar 
solvents than in non-polar solvents. The bromo, chloro and phenoxy ligated 
prismane clusters are more stable than their thiolate analogues and higher 
temperatures are required to convert them into cubane clusters. 
With the aim of preparing a biologically relevant structural analogue for the prismane 
type iron-sulfur cluster in enzymes we decided to synthesize a thiolate ligated [FeéSé]3"1" 
cluster, based on the CTV-thiol ligand system described in Chapter 2. We hoped that 
due to shielding by the CTV ligand and to a chelate effect this cluster would be more 
stable than the clusters described in the literature. We also synthesized a hexathiol 
substituted cryptophane molecule6, which we hoped would be capable of totally 
encapsulating a [FeéSó] core. The results of these investigations are presented in this 
Chapter. 
6.2 Results and discussion 
6.2.1 Ligand synthesis 
The syntheses of the target CTV-thiols 1-4 were described in the previous Chapters. 
/ H " \ HS 
/ X \ 1:X = -CH2CH? 
X / γ 
2: X = -CH sCHjCHr 
OCH3 
3:X = -m-CH;C,H|C.Hz 
4:X = -p-CH¿D¿H4CHz· 
If two cyclotriveratrylene units are combined a so-called cryptophane is obtained6. We 
prepared the hexathiol functionalized cryptophane 9 as depicted in Scheme 1. 
Cryptophane 7 was synthesized from 5 in two steps following a literature procedure 
yielding 12% of what is probably the D3 (or anti) isomer and 6% of the isomer with Сзь 
symmetry (syn)7. These isomers were separated by column chromatography. In the 
next step, we only used the predominant (D3) isomer. The demethylation step, 7 —» g, 
was found to be the bottleneck in the synthesis. When we used aluminum chloride, 
which worked well in a previous synthesis (Chapter 4), the pentyl bridges were 
cleaved, and cyclotriguaiacylene was formed. We were able to cleave the methyl aryl 
ether bond selectively with lithium diphenylphosphide, but in contrast to what was 
found by Collet et al.6 for a similar compound with ethyl spacers, the product was 
contaminated with unidentified impurities. We were not able to get & in completely 
pure form. For the introduction of the ethyl spacers and the thiol functionalities, we 
used the same methods as developed for compound 1. 
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The structure of compounds S - fiare similar to 9 
6.2.2 Cluster capture 
The pnsmane [FeoSoClo]3" cluster compound was prepared by a spontaneous self 
assembly reaction3e This compound can only be obtained in the presence of Et4N+, 
otherwise [Fe4S4Cl4]2" is formed3e The [FeeSéCló]3" cluster is prone to undergo ligand 
substitution reactions Reaction with the CTV-thiols 1-4 should therefore give thiol 
hgated pnsmane clusters In principle 2 isomers can be formed (see Scheme 2) In the 
same way hexathiol â can yield 2 isomers 
Reactions of the tnthiols 1 -4 with [БебЭбСІб]3" in the presence of hydroxide, were 
performed in three different solvents, viz DMF, dichloromethane and acetonitnle In 
acetomtnle insoluble black precipitates were obtained, which were characterized by IR, 
Mossbauer, and EPR spectroscopy In DMF and dichloromethane no precipitates were 
formed The products were characterized in situ by CV, DPV, UV-vis, EPR, and NMR 
spectroscopy 
118 Chapter 6 
Because the hexathiol â was only available in small quantities, we carried out one 
reaction with this compound, viz. in DMF with [РебБбСІб]3" in the presence of 




The mixtures formed after treating the CTV-thiols 1 - 4 with [FeóSoCló]3" in DMF 
showed in the CV a broad redox wave at ca. -1.70 V (vs. Fc°/+). From DPV experiments 
we concluded that this broad wave was a combination of different waves, indicative of 
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the presences of different species. T h e I4TMR s p e c t r a displayed in the region from 0 to 7 
ppm broad resonances characteristic f o r c u b a n e t y p e clusters. There were no signals in 
the region of 12 - 14 ppm, w h e r e t h e i s o t r o p i c a l l y shifted CH2S resonances of the 
cubane cluster compounds are n o r m a l l y o b s e r v e d . It should be noted however that 
these resonances may be too low in i n t e n s i t y t o be detected. The UV-vis spectra were 
typical for thiolate ligated [4Fe-4S] 2 + c o m p o u n d s w i t h absorbance maxima at 300 and 
420 nm. From these results w e c o n c l u d e t h a t react ion of the CTV-thiolates with 
[БебЗбСІб]3" in DMF results in t h e f o r m a t i o n of cubane [4Fe-4S]2+ clusters. This 
conclusion was supported by t h e fact t h a t al l react ion mixtures were EPR silent. The 
exact identity of the compounds w a s n o t f u r t h e r investigated. 
The reactions of 1 - 4_ with [ F e o S ö C l e ] 3 - i n d ich loromethane gave in all cases the 
product [Fe4S4Cl4p" as was evident f r o m C V , DPV, and UV-vis spectroscopy. 
In acetonitrile, CTV-thiols 1 -4 a n d [FeoSoCle] 3" y ie lded black precipitates. The mother 
liquors displayed irreversible r e d u c t i o n w a v e s at approximately -1.6 V. The 
precipitates were further i n v e s t i g a t e d . I n c o n t r a s t to the starting compound 
[РебБбОб]3", they did not show a F e - C l v i b r a t i o n in the IR spectrum at 347 cm-1. In the 
EPR spectra signals were o b s e r v e d a r o u n d g = 2 and g=4.3 (high spin iron 
contamination) as well as a d d i t i o n a l p e a k s a t l o w e r field. Representative spectra are 
shown in Figure 1. The peaks at l o w f i e l d s a r e indicative of a higher spin system so it 
seems unlikely that they come f r o m a [ 6 F e - 6 S ] 3 + complex: the starting compound 
[FeéSéClé]3", exhibits a characteristic s p e c t r u m for an S = l / 2 ground state (gx=2.038, 
gy=1.71 and gz=1.2), and the th io l a t e l i g a t e d [Реб5б(БСбН4-р-Ме)б]3" cluster shows a 
similar pattern with g
x
=2.029, g y = 1 . 7 9 a n d g z = 1 . 3
3 e
. A [4Fe-4S]3+ or [4Fe-4S]1+ species is 
also unlikely because the EPR s p e c t r a a r e n o t in l ine with such complexes. It is possible 
that high spin (S=9/2) thiolate l i g a t e d p r i s m a n e [6Fe-6S]5+ clusters are formed5, which 
owe their stability to the fact that t h e y a r e inso luble . If such complexes are present we 
do not know what could have c a u s e d t h e o x i d a t i o n of the [6Fe-6S]3+ cores. The 
interpretation of the EPR spectra is d i f f icul t b e c a u s e a spin 9/2 can occur in more forms 
of different rhombicities. 
The [6Fe-6S] clusters reported in l i t e r a t u r e w e r e measured in frozen solution. It was 
demonstrated that at higher c o n c e n t r a t i o n s , t h e resolution is increasingly lost because 
the clusters are no longer m a g n e t i c a l l y i s o l a t e d 3 ! . O u r products were measured as 
powders and showed well resolved s p e c t r a . It m i g h t be that in our samples only small 
amounts of [6Fe-6S]5+ species a r e p r e s e n t . D i l u t i o n by other complexes could then 
explain the observed high resolut ion. A n o t h e r possibility is that the CTV-ligand has a 
special shielding effect on the cluster . 
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Figure 1. X-band spectra of the precipitates formed after reaction of [FeeSfeCleJ^ with 1(a) and 4(b) 
in acetonitnle. Spectra are obtained at 6 К with modulation amplitudes of 4 G and microwave powers 
of200(a)and5(b)mW. 
From the precipitate o b t a i n e d a f t e r r e a c t i n g [Fe6Sé(Cl)6]3" with ligand 2 a zero field 
Mossbauer spec t rum w a s r e c o r d e d a t 77 K. Th i s spectrum was very noisy due to 
inhomogeneities in t he s a m p l e . I t l o o k e d l i k e different sites were present, which can 
be intrinsic to the c o m p o u n d o r c a u s e d b y t h e presence of different products. If our 
spectrum is fitted wi th 2 s i t e s of o c c u p a n c y 4 a n d 2, the best results are obtained with a 
doublet at 0.07 m m / s (4Fe, A E q = 0 . 2 9 m m / s ) , a doublet at 0.68 mm/s (2Fe, AEq=0.32 
mm/s) and a l inewidth Г of 0.38 m m / s . F r o m s t u d i e s in the literature it is known that 
the synthetic cluster [ F e 6 S 6 ( S R ) 6 ] 3 " s h o w s 1 q u a d r u p o l e doublet in the Mossbauer 
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spectrum at temperatures > 100 K^, indicating that the charge is totally delocalized. At 
lower temperatures charge localization is observed. The isomer shift of [Fe6S6(SR)éP" 
is approximately the same as that of [Fe4S4(SR)4]2" clusters, viz. 0.44 mm/s. This is in 
agreement with a formal charge of 2.5+. The prismane protein isolated from D. 
vulgaris shows 4 different sites in the 3+ core oxidation state with isomer shifts of 0.52, 
0.45, 0.80 and 0.93 m m / s and an occupancy of 3:l:l:l5c. After oxidation to the 5+ state, 
the best fit is obtained with 2 sites of occupancy 4 and 2 and isomer shifts of 0.40 and 
0.32 mm/s, respectively. In view of these literature data our Mössbauer spectrum 
seems not to be consistent with a prismane cluster in either the 3+ or 5+ oxidation 
state. 
The reaction of cryptophane 9 with [РебБбСІб]3" in DMF resulted in the formation of a 
[4Fe-4S] cluster as was found for the CTV-thiols 1-4. The UV-vis spectrum of the 
product was typical for such a cluster (absorbance maxima at 300 and 420 nm), while 
the electrochemical behavior was comparable to that of similar encapsulated [4Fe-4S]2+ 
clusters which will be discussed in the next Chapter. 
Holm and co-workers have also tried to capture a prismane iron-sulfur cluster in their 
tridentate ligand9 but they too were not successful. They ascribed this negative result to 
the fact that the geometries of their tridentate ligand and the prismane cluster did not 
match. In a [4Fe-4S]2+ cluster, the ligating sulfur atoms must be separated by 6.42 - 6.67 
Â, whereas in prismane clusters the distance must be approximately 7.3 Â. Holm's 
ligand can not span this distance. Our ligands 1 - 4 do not have this geometric 
restriction, so we may conclude that in our case the intrinsic lability of the 
[Fe6S6(SR)6p" cluster is the main reason why we do not get positive results. 
6.2.4 Capture of Mo capped clusters 
It is known that [РебБбОб]3" reacts with Мо(СО)з(СНзСЫ)з to form the bicapped 
complex 1Û10· The resulting trianion is reduced with excess of Мо(СО)з(СНзСЫ)з to 
the EPR silent 4- state. Octanuclear [Реб5бЬб(Мо(СО)з)г] clusters have also been 
prepared from either dinuclear [РегБгЬг] or tetranuclear [Fe4S4L4] clusters by reacting 
these with Мо(СО)з(СН3СЫ)з1 0 с. With CTV-thiol ligands 1 - i compound 10 can only 
give one type of isomer, because the hexagonal РезБз faces are shielded for attack by 
Мо(СО)з units (compare Scheme 2). Moreover it can be expected that the Мо(СО)з 
units stabilize the prismane structure. 
In view of these data we decided to investigate the reaction between compound 1Q and 
a CTV-thiol ligand. 
To a solution of 10 in DMF were added 2 equivalents of ligand 2. A black precipitate 
was formed which was insoluble in organic solvents (DMSO, DMF, acetonitrile, 
dichloromethane, and diethylether). The mother liquor showed in the CV a reversible 
reduction at -1.20 V vs. Fc°/+. After ca. half an hour, an unidentified solid precipitated 
from this liquor and a reversible oxidation at approximately -0.4 V appeared. 
The EPR spectrum of the initially formed black precipitate was similar to that of the 
product obtained from the uncapped [РебБбСІб]3" (Figure 2). As compound 1Q is known 
to be EPR silent this means that the precipitate has a different oxidation state than the 
starting compound. 
From the CO vibrations in the IR spectrum we concluded that the Мо(СО)з moiety in 
the product possessed local trifold symmetry. Compared to 10, the vibrations were 
found at higher wavenumbers viz. at 1983 and 1943 cm"1, vs. 1945 and 1918 cm - 1 for 10. 
This suggests that the product has a higher oxidation state. 
In the IR spectrum no Fe-Cl vibration was observed indicating that the complex is 
ligated by thiolate ligands. 
From these results we may conclude that a product is formed with a structure and 
oxidation state similar to the compounds obtained from the reaction of the CTV-thiols 
1-4 with the uncapped prismane cluster in acetonitrile. In addition the product from 
Ifl contains at least one Мо(СО)з unit. Whether this compound contains a [6Fe-6S]5+ 
core is not certain. Unfortunately, capping with Мо(СО)з did not result in better 
solubility. 
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Figure 2. X-band EPR spectrum of the precipitate formed after reaction of [Fe6S6CI6(Mo(CO)3)2f" 
with Ζ The spectrum is obtained at 20 К with a modulation amplitude of 4 G and a microwave 
power of 100 mW. 
6.3 Conclusion 
The experiments described in this Chapter indicate that a prismane cluster core can 
not be stabilized by our tridentate CTV-thiol ligands 1-4. The purity and identity of 
the black precipitates that are formed in acetonitrile are unknown. EXAFS and more 
extensive EPR and Mössbauer measurements are required to elucidate the structure of 
these compounds. 
Ligand £ did not give a prismane cluster which is stabilized against degradation to a 
cubane structure. These problems may be overcome if a cyclotriveratrylene ligand is 
used which is functionalized with phenolate groups because it is known that 
phenolate ligated prismane cores are more stable than their thiolate counterparts. 
6.4 Experimental 
Materials 
Unless otherwise indicated, commercial chemicals were used as received. All 
manipulations involving compounds containing a [6Fe-6S] cluster core were carried 
out under an inert atmosphere. All solvents were distilled under a nitrogen 
atmosphere. DMF was predried over activated BaO and distilled under reduced 
pressure. Diethylether was washed with a solution of 6 g of FeSC>4 and 6 ml of 
concentrated H2SO4 in 100 ml of water, predried over СаСІг and distilled from sodium 
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benzophenone ketyl. Acetonitrile was purified by distillation from СаНг-
Dichloromethane was washed with concentrated H2SO4, water, 5% aqueous KOH, 
water, and subsequently dried over CaSC»4 and distilled from P2O5. Elemental sulfur 
was purified by sublimation under reduced pressure. Ferrocene was sublimed before 
use. 
Physical measurements 
UV-vis spectra were recorded on a Perkin Elmer Lambda 5 spectrometer. 1 H-NMR 
spectra were obtained on a Bruker WH-90 or a Bruker WM-400 instrument. Chemical 
shifts are given relative to tetramethylsilane. FAB-MS spectra were recorded on a VG 
7070E instrument using 3-nitrobenzyl alcohol as the matrix. The IR-spectra (Csl 
pellets) were measured on a Perkin Elmer 1720-X Infrared Fourier Transform 
spectrometer. Mössbauer spectra were determined at the Kamerlingh Onnes Institute 
of the University of Leiden with a constant-acceleration spectrometer equipped with a 
57Co source in a Rh matrix. Powder samples were dispersed in boron nitride and 
sealed in brass rings with kapton windows. Isomer shifts are reported relative to Fe 
metal at 298 K. Cyclic voltammetry and differential pulse voltammetry 
measurements were performed with a EG & G Princeton Applied Research Model 273 
electrochemistry system, using a conventional three-electrode configuration with a 
platinum auxiliary electrode and a platinum working electrode. The working 
electrode was polished before use with 0.3 μπι aluminum oxide, followed by 
sonication. In DMF an Ag/AgCl (0.1 M LiCl) reference electrode was used. In 
acetonitrile Ag/Ag+ (0.1 M AgNC»3) and in dichloromethane Ag/AgI (0.02 M 
BU4NI/O.I M B114NPF6) were used as reference electrodes. The half-wave potentials 
are reported relative to the ferrocene/ferricenium couple measured under the same 
conditions. In all solvents tetrabutylammonium hexafluorophosphate (BU4NPF6) was 
used as the supporting electrolyte (0.1 M). The concentration of the electroactive 
species was between 0.1 and 1 mM. Unless otherwise indicated the scan rate for the 
cyclic voltammetry measurements was 100 mV/s and for the differential pulse 
voltammetry measurements 10 mV/s. EPR spectra were measured at X-band 
frequencies on a Bruker ESP 300 spectrometer equipped with a helium continuous 
flow cryostat. 
Preparation of the compounds 
[Fe6S6Cl6](Et4N)3-CH3CN3e, [Fe6S6Cl6(Mo(CO)3)2](Et4N)4'2CH3CNio, and Mo(CO)3 
(СНзСЫ)з11 were synthesized according to literature procedures. 
Compounds 1-4 were prepared as described in Chapter 2 (1, 3.) and Chapter 4 (2,4). 
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Compound 7. 
This compound was prepared as described in the literature9. 
1H-NMR (400 MHz, CDCI3): δ 1.51 (m, 6H, CH2), 1.77 (m, 12H, CH2), 3.42 (d, 6H, H e q , J = 
14 Hz), 3.75 (s, 18H, OCH3), 3.77 (m, 6H, OCH2), 4.04 (m, 6H, OCH2), 4.65 (d, 6H, H^, J = 
14 Hz), 6.69 (s, 6H, ArH), 6.71 (s, 6H, ArH). ^ C NMR (100 MHz, CDCI3): δ 21.3 (CH2), 
27.4 (CH2), 36.2 (CH2-bridge), 56.3 (OCH3), 67.3 (OCH2), 113.0 (ArCH), 113.4 (ArCH), 
131.3 (ArCCH2), 131.8 (ArCCH2), 147.1 (ArCO), 147.3 (ArCO). 
Compound S· 
Under a nitrogen atmosphere a solution of 447 mg (2.4 mmol) of diphenylphosphine 
in 20 ml of freshly distilled THF was cooled to -78°C. To this solution was added 1.6 ml 
(2.6 mmol) of a 1.6 M butyl lithium solution in hexane. After stirring for 10 mins., 195 
mg (0.2 mmol) of compound Ζ was added and the solution was stirred at room 
temperature for 24 hrs.. The solution was poured on crushed ice and acidified with 2N 
HCl. The aqueous layer was extracted with diethylether. The organic layer was 
extracted with a IN NaOH. The aqueous layer was washed with diethylether and 
subsequently acidified with IN HCl and extracted with diethylether. The ether layer 
was washed with water, dried (MgSC>4), and evaporated to dryness. The product was 
separated from most impurities by column chromatography (silica, eluent: 
dichloromethane-diethylether = 9:1 v/v), giving 94 mg ( 0.1 mmol, 50%) of an off-
white solid. 
Ш-NMR (90 MHz, CD3COCD3): δ 1.4-1.9 (m, 18H, CH2), 3.4 (d, 6H, H e q , J = 14 Hz), 3.7 
(m, 6H, OCH2), 4.0 (m, 6H, OCH2), 4.5 (d, 6H, H a x , J = 14 Hz), 6.6 (s, 6H, ArH), 6.7 (s, 6H, 
ArH), 7.6 (s, 6H, OH). 
Compound 9_. 
This compound was synthesized following steps (i) - (Hi). 
(i) A solution of 1.8 g (0.032 mol) of potassium hydroxide, 1.5 g (8.1 mmol) of 1,2-
dibromoethane, 94 mg (0.1 mmol) of S, and 100 mg (0.44 mmol) of triethylbenzyl 
ammonium chloride in 20 ml of water was stirred for 1 week at room temperature. 
The solution was extracted with CH 2 C1 2 . After evaporation of the solvent and the 
excess of 1,2-dibromoethane, the product was purified by column chromatography 
(silica, eluent: dichloromethane-ether = 9:1 v/v), giving 65 mg (0.041 mmol, 41 %) of 
the hexabromide as a white solid. 
1H-NMR (90 MHz, CDCI3): δ 1.4-1.9 (m, 18H, CH2), 3.6 (d, 6H, H e q , J = 14 Hz), 3.6 (m, 
12H, CH2Br), 3.7 (m, 6H, OCH2), 4.0 (m, 6H, OCH2), 4.3 (m, 12H, OCH2), 4.7 (d, 6H, H a x , J 
= 14 Hz), 6.8 (s, 12H, ArH). 
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(it) To a solution of 65 mg (0.041 mmol) of the above mentioned solid in 10 ml of 
acetonitrile was added 220 mg (1.5 mmol) of sodium dimethyldithiocarbamate 
dihydrate. The resulting mixture was stirred for 8 hrs. at room temperature. After 
evaporation of the solvent the product was purified by column chromatography 
(silica, eluent: dichloromethane-ether = 9:1 v/v), giving 45 mg (0.025 mmol, 62 %) of 
the hexadithiocarbamate as a white solid. 
iH-NMR (90 MHz, CDCI3): δ 1.4-1.9 (m, 18H, CH2), 3.4-4.3 (s, 9H, NCH 3; s, 9H, NCH3; 
6H, H
e q ; 12H, CH2S; 6H, OCH2; 6H, OCH2; 12H, OCH2), 4.6 (d, 6H, H a x , J = 14 Hz), 6.8 (s, 
6H, ArH), 7.0 (s, 6H, ArH). According to NMR, this compound was not completely 
pure. 
(Hi) Under a dinitrogen atmosphere 45 mg (0.025 mmol) of the product obtained under 
(it) was dissolved in 10 ml of dichloromethane. To this solution was added 25 ml of 
diethylether and 0.12 g (3.16 mmol) of lithium aluminium hydride. After refluxing for 
2 hrs. the solution was acidified with a 6N aqueous HCl. The mixture was extracted 
with dichloromethane and the organic layer was washed with water (3x), dried 
(Na2SC>4) and evaporated to dryness. The product was purified by column 
chromatography (silica, eluent: chloroform-ether = 8:2 v/v), to give 7.5 mg (5.8 Ю - 3 
mmol, 23 %) of yellowish-white 9. 
iH-NMR (90 MHz, CDCI3): δ 1.4-1.9 (m, 18H, CH 2; 6H, SH), 2.8 (m, 12H, CH2S), 3.4 (d, 
6H, Heq), 3.5-4.0 (m, 16H, OCH2), 4.5 (d, 6H, Hax), 6.6 (s, 6H, ArH), 6.7 (s, 6H, ArH). FAB-
MS: m/z = 1296 (M+). According to TLC and NMR, this compound was not completely 
pure. 
Cluster capture reactions with 1-4 
Dichloromethane and DMF 
To solutions of 0.2 mmol of the CTV-thiol ligands 1 - 4 in 40 ml of DMF or 40 ml of 
CH 2 C1 2 were added 0.73 ml of a 0.82 M solution of Bu4NOH in methanol (0.6 mmol) 
and 117 mg (0.1 mmol) of [Реб5бС1б](Еі4Ы)зСНзСЫ. The physical measurements were 
performed on small aliquots of the reaction mixture, and the results, which are 
consistent with the formation of [4Fe-4S]2+ cores, are reported in the text. 
Acetonitrile 
To a solution of 0.2 mmol of the CTV-thiol ligands 1-4 and 0.73 ml of a 0.82 M 
solution of BU4NOH in methanol (0.6 mmol) in 40 ml of CH3CN was added 117 mg 
(0.1 mmol) of [Fe6S6Cl6](Et4N)3-CH3CN. After stirring for 1 hr. the formed black 
precipitates were collected by filtration. The physical properties (IR, EPR and 
Mössbauer spectroscopy) of the insoluble products are presented in the text. 
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Cluster capture reaction with 9 
To a solution of 7.5 mg (5.3 IO"3 mmol) of ligand â in 5 ml of DMF were added 5 mg 
(4.3 IO"3 mmol) of [Fe6S6Cl6](Et4N)3-CH3CN and 44 μΐ of a 0.82 M solution of B114NOH 
in methanol (3.6 10"2 mmol). The electrochemical measurements were performed in 
situ on the crude reaction mixture. 
Capture of the Mo-capped cluster 
To a solution of 135 mg (0.1 mmol) of [Fe6S6Cl6(Mo(CO)3)2](Et4N)4-2CH3CN in 40 ml of 
CH3CN were added 126 mg (0.2 mmol) of the CTV-thiol ligand 2 and 0.73 ml of an 0.82 
M solution of BU4NOH in methanol (0.6 mmol). After stirring for 1 hr. a black 
precipitate was formed which was collected by filtration. The physical properties (IR 
and EPR spectroscopy) of the product are presented in the text. 
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CHAPTER 7 
Design and attempted synthesis of a totally 
encapsulated [4Fe-4S] cluster 
7.1 Introduction 
Both Ferredoxins (Fd) and High Potential Iron Proteins (HiPIP) have [4Fe-4S] clusters 
in their active sites. The redox behavior of the two types of proteins is completely 
different: cluster cores of the former proteins shuttle between the 2+/1+ oxidation 
states whereas those of the latter switch between the 2+/3+ states. There are no major 
differences between the cores of Fd's and HiPIP's, and consequently it is believed that 
the polypeptide backbone rules the redox behavior and thus the function of the 
proteins. One of the determining factors is the hydrophobicity of the environment. In 
general, the [4Fe-4S] centers of HiPIP's are embedded in more hydrophobic 
surroundings than those of Fd's1. It is of interest to note that the first synthetic model 
of a HiPIP, [Fe4S4(SC6H2-2,4,6-i'-Pr3)4]1_, contains a [4Fe-4S]3+ core which is encapsulated 
by hydrophobic ligands. This cluster complex is not stable in polar solvents like 
methanol and DMF2. Other model systems were recently prepared. They are also 
stabilized by bulky ligands3, or by hydrophobic aminoacids4, or hydrophobic macro-
cycles5. 
The aim of the research described in this Chapter is to synthesize a totally encapsulated 
3:1 subsite-differentiated [4Fe-4S] cluster. For this purpose a lipophilic cryptophane, 
was functionalized with three thiol groups. To investigate whether this ligand is 
capable of binding a [4Fe-4S] core in a 1:1 fashion, we carried out preliminary cluster 
capture experiments. The electrochemical behavior of the resulting product was 
studied by CV and DPV. 
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7.2 Results and discussion 
7.2.1 Design and synthesis of the ligand 
Cryptophanes 6 are molecules that consist of two cyclotriveratrylene (CTV) units, 
linked by three bridges. They possess an almost spherical cavity which is rigid and 
lipophilic. Three windows give guest molecules access to the interior. Changes in the 
size of the cavity and in the cross section of the windows can be achieved by varying 
the length of the bridges. The cavity must be large enough to accommodate a [4Fe-4S] 
cluster core which has a volume of approximately 88 Â3 together with the unique 
ligand at the fourth iron. Cryptophanes with three ethyl bridges, were shown to 
preferentially bind tetrahedral guests with a Van der Waals volume of ca. 60 À3. The 
propyl bridged host prefers guests with a volume of ca. 70 Â3 ^ 7. These experimental 
results are in line with molecular modelling studies which predict for the cavities 
volumes of 60 Λ 3 and 70 Â3, respectively (Figure 1). 
ApproximateVan der Waals volumes of cavities Van der Waals volume of cluster core: 
п=2:5бАЭ(СН2СІ2) 88 A3 
п=3:70Аэ(СНСІз) 
n=5: 100 A3 
Figure 1. Van der Waals volumes 
CPK models indicate that a cyclophane with pentyl bridges between the CTV units 
would be large enough (=100 Â3) to accommodate a [4Fe-4S] core with a chloro ligand. 
In models this cluster can also easily pass through the windows of this cryptophane. 
We therefore decided to focus on this system, leaving it to future research to vary the 
length of the bridges. 
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In order to be able to encapsulate the cluster core in a 3:1 fashion the cryptophane must 
have three thiol functions that are placed in the proper position for binding. This 
means that only one of the two CTV units of the cryptophane needs to be 
functionalized. For the synthesis of the cryptophane framework we could not use the 
direct, two step method 8 described in the previous Chapter. We tried the template 
directed method 9 in which three benzylic alcohol functions are attached to the CTV 
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Cyclotriphenolene §. was prepared via steps 2 - 5 according to a literature procedure10. 
This compound was alkylated with 1,5-dibromopentane and base and subsequently 
provided with benzylic alcohol groups (è). The latter groups were trimerized under 
acidic conditions to give the second CTV unit of the cryptophane. For similar 
compounds having alkyl bridges with an odd number of carbon atoms, it is known 
that the syn isomer is formed preferentially, whereas the anti isomer is obtained when 
the alkyl bridges contain an even number of carbon atoms6b 'c . In our case we probably 
prepared the syn isomer of 7, but this needs further verification11. We used 
diphenylphosphide to cleave selectively the methylarylether function of 7. The 
ethylenethiol groups were introduced by the methods described in Chapter 2. Product 
Χ, contaminated with some impurities, was obtained from 5. in an overall yield of 
0.4%. The syntheses were not optimized. 
7.2.2 Cluster capture 
Although 1 was not completely pure, we performed a cluster capture reaction with 1 
equivalent of [Fe4S4Cl4]2" and 3 equivalents of base in DMF. The resulting product was 
not isolated, but in situ characterized by CV and DPV, because of the small scale of the 
reaction. The DP voltammogram showed a reduction peak at -1.66 V (vs. Fc°/+). This 
value indicates that the [4Fe-4S] cluster is ligated by three thiolate arms and one chloro 
ligand, as it is close to the value found for a similar subsite differentiated CTV cluster, 
viz. -1.68 V (Chapter 2). The slight positive shift (20 mV) of the reduction potential, 
compared to the semi-encapsulated cluster can be caused by the fact that the 
environment of the cryptophane is more hydrophobic. In contrast to the CTV clusters, 
the DPV and CV of the cryptophane based cluster could be measured with a platinum 
working electrode without the need of adding a modulator: Ba 2 + ions caused no 
promotion of the current response in DPV. Only a modulation of the potential 
occurred. At a Ba2 + concentration of 20 mM, the reduction peak was found at -1.57 V. 
This value is 40 mV more positive than the value measured for the CTV based cluster 
(-1.61 V) under the same conditions. The observation that a promoter is not required, 
suggests that the cryptophane cluster has a more symmetric structure than the semi-
encapsulated CTV clusters and a smaller dipole. Its orientation on the electrode 
surface will be a random one and will not change when the polarity of the double 
layer is modified by the addition of Ba2 + ions, consequently there will be no effect on 
the current response, only on the half-wave potential. 
The cryptophane cluster was found to react with OH" ions. The product showed a 
reduction peak at -1.64 V (20 mM Ba2 +). Probably, the hydroxide ions substitute the 
chloro ligands of the cluster molecules in the same way as observed for the analogous 
semi-encapsulated CTV clusters which display a half-wave potential of -1.67 V. 
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Figure 2. Cyclic voltammogram of the complex obtained after reaction of 1 with [Fe4S*Cl4f " in DMF. 
Cyclic voltammetry revealed that the reduction of the cryptophane clusters with a 
chloro or a hydroxy ligand at the unique site is chemically irreversible (Figure 2), both 
with and without Ba2+ present. A similar result was found for a cluster encapsulated 
by two diphenylglycoluril host molecules12. There was no chemically reversible 
oxidation observed for either of the compounds. Perhaps a more apolar solvent such 
as dichloromethane is needed. The multi-electron reduction for the cryptophane 
cluster compounds was found at ca. -2.0 V. The compounds showed a multi-electron 
oxidation at 0.0 V. 
These results support the idea that reaction of cryptophane 1 with a cubane [Fe4.S4] 
cluster yields a totally encapsulated 3:1 subsite-differentiated cluster. In Figure 3 the 
two possible isomeric structures of this compound are shown. Further investigations 
are required to establish whether both isomers are formed or only one. 
7.3 Conclusion 
We have developed a route to prepare a tridentate thiol ligand, which possesses a 
lipophilic cavity, from the cage molecule cryptophane. Electrochemical studies suggest 
that this ligand is capable of binding a [4Fe-4S] cluster to yield a site-differentiated and 
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completely encapsulated cluster. More research is required to isolate 1 and to 
definitively establish the structure of the cluster complex. 
Figure 3. Possible structures of the cryptophane captured cluster. 
7.4 Experimental 
Materials 
Unless otherwise indicated, commercial chemicals were used as received. All 
manipulations involving compounds containing iron-sulfur cluster cores were 
carried out under an inert atmosphere. All solvents were distilled under a nitrogen 
atmosphere. DMF was predried over activated BaO and distilled under reduced 
pressure. Elemental sulfur was purified by sublimation under reduced pressure. 
Ferrocene was sublimed before use. 
Physical measuiements 
ÎH-NMR spectra were obtained on a Bruker WH-90 instrument. Chemical shifts are 
given relative to tetramethylsilane. Cyclic voltammetry (CV) and differential pulse 
voltammetry (DPV) measurements were performed with a EG & G Princeton Applied 
Research Model 273 electrochemistry system, using a conventional three-electrode 
configuration with a platinum auxiliary electrode and a platinum working electrode. 
The working electrode was polished before use with 0.3 μπι aluminum oxide, 
followed by sonication. An Ag/AgCl (0.1 M LiCl) reference electrode was used. The 
half-wave potentials are reported relative to the ferrocene/ferricenium couple 
measured under the same conditions. Tetrabutylammonium hexafluorophosphate 
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(B114NPF6) was used as the supporting electrolyte (0.1 M). The concentration of the 
electroactive species was between 0.1 and 1 mM. Unless otherwise indicated the scan 
rate for the cyclic voltammetry measurements was 100 mV/s and for the differential 
pulse voltammetry measurements 10 mV/s. FAB-MS spectra were recorded on a VG 
7070E instrument using 3-nitrobenzyl alcohol as the matrix. 
Preparation of the compounds 
[Fe4S4CU](Ph4P)213 and 5 1 0 were prepared as described in the literature. 
Compound (±)6_. 
This compound was synthesized in two steps (i and it). 
(t) A solution of 9.0 g (0.16 mol) of КОН, 2.3 g (10 mmol) of 1,5-dibromopentane, 0.30 g 
(0.91 mmol) of cyclotriphenolene 5, and 0.1 g (0.44 mmol) of triethylbenzylammonium 
chloride in 50 ml of water was stirred for 1 week at room temperature. The solution 
was extracted with CH2CI2. After addition of hexane the product crystallized, giving 
0.50 g ( 0.66 mmol, 72 %) of the tribromide as a white solid. 
iH-NMR (90 MHz, CDCI3): δ 1.5-2.0 (m, 18H, CH2),3.45 (t, 6H, CH2Br, J = 6 Hz), 3.55 (d, 
3H, H
e q , J = 14 Hz), 3.95 (t, 6H, OCH2, J = 6 Hz), 4.75 (d, 3H, H^, J = 14 Hz), 6.58 (dd, 3H, 
ArH), 6.90 (d, 3H, ArH), 7.25 (d, 3H, ArH). 
(и) To a solution of 500 mg (0.66 mmol) of the compound prepared in (i) in 25 ml of 
freshly distilled acetonitrile was added 678 mg (4.4 mmol) of vanillyl alcohol and 2.0 g 
of potassium carbonate. After refluxing for 8 hrs., the solvent was removed in vacuo. 
The product was dissolved in CH2CI2 and subsequently washed with IN NaOH, H2O, 
and brine. After concentration of the solution, the product crystallized. The product 
was purified by recrystallization from СНгСІг/Ьехапе, yielding 299 mg (0.32 mmol, 
48%) of white crystalline f». 
1H-NMR (90 MHz, CDCI3): δ 1.5-2.0 (m, 18H, СЙ2), 3.6 (d, 3H, H e q , J = 14 Hz), 3.8 (s, 9H, 
OCH3), 4.0 (m, 12H, OCH2), 4.55 (s, 3H, CH2OH), 4.75 (d, 6H, H^, J = 14 Hz), 6.58 (dd, 3H, 
ArH), 6.8-7.0 (m, 12H, ArH), 7.25 (d, 3H, ArH). 
Compound (±)Ζ· 
To a solution of 299 mg (0.32 mmol) of 6. in 1 ml of DMF was added 500 ml of formic 
acid. After stirring at 95°C for 1 hr., the solvent was removed. The product was 
purified by column chromatography (silica, eluent: chloroform-ether = 8:2 v/v), 
giving 62.3 mg (0.067 mmol, 21%) of 7 as a white solid. 
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IH-NMR (90 MHz, CDCI3): δ 1.5-2.0 (m, 18H, CH2), 3.6-4.0 (6H, H e q , 12H, OCH2), 3.7 (s, 
9Н, ОСН3), 4.6 (d, ЗН, Heq), 4.9 (d, 3H, H
a x
) , 6.7-7.3 (m, 15Н, АгН). Anal, caled for 
СбоНббОд: %С, 77.39; %Н, 7.14. Found: %С, 76.83; %Н, 6.86. FAB-MS: m/z = 931 
(М+Н)+. 
Compound (±)1. 
This compound was synthesized in four steps (1 - iv). 
(t) Under a nitrogen atmosphere, a solution of 45 mg (0.24 mmol) of diphenyl 
phosphine in 10 ml of freshly distilled THF was cooled to -78°C. To this solution was 
added 0.16 ml (0.26 mmol) of a 1.6 M butyl lithium solution in hexane. After stirring 
for 10 mins., 62.3 mg (0.067 mmol) of compound 7 was added and the solution was 
stirred at room temperature for 24 hrs.. The solution was poured on crushed ice and 
acidified with 2N HCl. The aqueous layer was extracted with dichloromethane. The 
dichloromethane layer was extracted with a IN NaOH solution. The aqueous layer 
was washed with ether and subsequently acidified with IN HCl and extracted with 
dichloromethane. The dichloromethane layer was washed with water, dried with 
MgSC>4, and evaporated to dryness, giving the crude triphenol as an off-white powder. 
(it) A solution of 0.9 g (0.016 mol) of КОН, 0.15 g (0.81 mmol) of 1,2-dibromoethane, 50 
mg (0.056 mmol) of the crude triphenol and 10 mg (0.044 mmol) of triethylbenzyl 
ammonium chloride in 10 ml of water was stirred for 1 week at room temperature. 
The solution was extracted with CH2CI2. After evaporation of the solvent and the 
excess of 1,2-dibromoethane the product was purified by column chromatography 
(silica, eluent: dichloromethane-ether = 8:2 v/v), giving 32.6 mg (0.027 mmol, 41% 
from 7) of the tribromide as a white solid. 
iH-NMR (90 MHz, CDCI3): δ 1.5-2.0 (m, 18H, СЯ2), 3.5 (t, 6H, CH2Br), 3.6-4.0 (6H, H e q , 
12H, OCH2), 4.3 (t, 6H, OCH2), 4.6 (d, ЗН, Heq), 4.9 (d, ЗН, H a x ) , 6.7-7.3 (m, 15Н, АгН). 
The integration of the peaks was not exactly in accordance with the assigned structure, 
especially in the aromate region too many protons were present. From this we 
concluded that the product was not completely pure. Probably aromatic byproducts 
were bound into the cavity of the product. 
(iti) To a solution of 32.6 mg (0.027 mmol) of the tribromide obtained under (ti) in 10 
ml of acetonitrile was added HO mg (0.75 mmol) of sodium dimethyldithiocarbamate 
dihydrate. The resulting mixture was stirred for 8 hrs. at room temperature. After 
evaporation of the solvent the product was purified by column chromatography 
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(silica, eluent: dichloromethane-ether = 9:1 v/v), giving 22.6 mg (0.017 mmol, 63 %) of 
the dithiocarbamate as a white solid. 
1H-NMR (90 MHz, CDCI3): δ 1.4-1.9 (m, 18H, CH2), 3.4-4.3 (s, 9H, NCH 3; s, 9H, NCH3; 
6H, H
e q ; 12H, CH2S; 12H, OCH2; 3H, H ^ ) , 4.3 (t, 6H, OCH2), 4.9 (d, 3H, H a x ) , 6.7-7.6 (m, 
15H, ΑτΗ). According to the integration of the signals in the NMR spectrum, this 
compound was not completely pure. Probably aromatic byproducts were bound into 
the cavity of the product. This was supported by the elemental analysis: Anal, caled for 
C7 2H8709S6N3: %C, 64.98; %H, 6.59; %S, 14.45; %N, 1.78. Found: %C, 66.43; %H, 7.56; 
%S, 13.85; %N, 1.56. 
(iv) Under a dinitrogen atmosphere 20 mg (0.015 mmol) of the dithiocarbamate 
obtained under (Ш) was dissolved in 10 ml of dichloromethane. To this solution was 
added 25 ml of diethylether and 0.12 g (3.16 mmol) of lithium aluminium hydride. 
After refluxing for 2 hrs. the solution was acidified with 6N aqueous HCl. The mixture 
was extracted with dichloromethane and the organic layer was washed with water (3x), 
dried (Na2SC<4), and evaporated to dryness. The volume of the solution was reduced to 
10 ml. After addition of n-hexane, 4.2 mg (3.93 IO"3 mmol, 26%) of an off-white 
precipitate was collected. 
!H-NMR (90 MHz, CDCI3): δ 1.4-1.9 (m, 18H, CH 2; 6H, SH), 2.8 (m, 12H, CH2S), 3.4-4.3 
(H
e q ; 18H, OCH 2; 3H, H a x ) , 4.9 (d, 3H, H a x ) , 6.7-7.6 (m, 15H, ArH). According to the 
integration of the signals in the NMR spectrum, this compound was not completely 
pure. Probably aromatic byproducts were bound into the cavity of the product. 
Cluster capture reaction 
In an electrochemical cell, 4.2 mg (3.93 10"3 mmol) of ligand 1 was dissolved in 5 ml of 
a solution of 0.1 M BU4NPF6 in DMF. To this solution was added 14 μΐ of a 0.82 M 
solution of BU4NOH (12-10-3 mmol) in methanol and 4.7 mg (4.010"3 mmol) of 
[Fe4S4Cl4](PPh4)2. After stirring for 5 mins., BU4NPF6 was added and a cyclic 
voltammogram was recorded. 
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Summary 
Iron-sulfur proteins occur in all living organisms. They catalyse redox reactions and 
key reactions in carbon, hydrogen, sulfur, and nitrogen metabolism. Evidence is 
accumulating that some of these proteins contain [4Fe-4S] clusters which, exhibit 
structural and reactivity features at specific subsites of the clusters. With the aim of 
developing a synthetic model system for these subsite-differentiated proteins, tripodal 
ligand systems based on the concave molecule cyclotriveratrylene (CTV, 1) were syn­
thesized. Reaction of these ligands with [4Fe-4S] clusters having relatively small 
ligands, e.g. [Fe4S4Cl4p~, yield products in which one of the small ligands is located at a 
unique iron site, pointing towards the cavity of the CTV unit (2). In compound 2 the 
unique iron site is shielded and can only react with small molecules such as OH". 
Reaction of the tripodal ligands with the more bulky cluster [Ре454(5'Ви)4]2~ leads to 
iron-sulfur compounds in which the unique iron is directed away from the CTV unit, 
probably because the f erf-butyl-group does not fit inside the cavity (3_). With 
compounds 3_ it is possible to perform exchange reactions exclusively at the unique 
steu 
iron site. This feature made possible the preparation of iron-sulfur clusters with a great 
variety of unique ligands. The redox properties of these clusters were studied. It was 
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found that the redox potential depends on the electron donating and electron 
withdrawing properties of the unique ligands. 
Attempts were made to modulate the redox potentials by modifying the tridentate 
ligand. The spacer between the cluster core and the cyclotriveratrylene (CTV) unit was 
altered making it possible to tune the electron donation of the tridentate ligand to the 
cluster core and, thus, the redox potential. In an other study the effect of hydrogen 
bridging functionalities in the ligand on the redox potential was investigated. To this 
end the methoxy group of the CTV unit was functionalized with a hydroxy group and 
with an amide function. It appeared that a hydroxy group had no effect, but when an 
amide group was used, it was possible to tune the redox potential. 
Complete encapsulation of a [4Fe-4S] cluster was investigated in order to mimic the 
characteristic redox properties of so-called High Potential Iron Sulfur Proteins (HiPIP). 
To achieve this, a cryptand molecule containing two cyclotriveratrylene moieties, and 
three coordinating sulfur sites, was prepared. A preliminary cluster capture reaction 
was performed and from electrochemical studies, it was tentatively concluded that a 
complex of type 4, holding a [4Fe-4S] cluster in a 1:1 fashion, was obtained. 
The unique iron site in a compound of type 3 was used to bridge a [4Fe-4S] core to an 
iron porphyrin, giving a [4Fe-4S]-iron phorphyrin assembly (5) which may serve as a 
sulfite reductase mimic. The tripodal ligands derived from CTV were also capable of 





Eiwitten die ijzer-zwavel clusters bevatten komen voor in alle levende organismen, 
waar zij belangrijke redoxreacties katalyseren en betrokken zijn bij het metabolisme 
van koolstof, waterstof, zwavel en stikstof. Sommige van deze eiwitten hebben een 
[4Fe-4S] centrum met een structureel uniek ijzer atoom dat een andere reactiviteit 
heeft dan de overige drie ijzeratomen. Om voor deze eiwitten een synthetisch model 
system te construeren zijn z.g.n. tripodand-liganden gesynthetiseerd die zijn afgeleid 
van het concave molecuul cyclotriveratryleen (CTV, 1). Reactie van deze liganden met 
[4Fe-4S] clusters die relatief kleine liganden bezitten, zoals [Fe4S4Cl4]2" geeft complexen 
waarin het kleine ligand dat aan een uniek ijzer gebonden is, naar de holte van het 
CTVgericht is (2). In deze complexen is het unieke ijzer afgeschermd, zodat het slechts 
met kleine moleculen, zoals OH" kan reageren. Reactie van de tripodand-liganden met 
een sterisch meer omvangrijk cluster, b.v. [Fe4S4(S[Bu)4]2", resulteert in complexen 
waarin het unieke ligand naar buiten is gewend (3.). Het is mogelijk om met 
complexen van het type 1 uitwisselingsreacties uit te voeren aan het unieke ijzer 
centrum. Op deze wijze konden een groot aantal nieuwe ijzer-zwavel clusters gemaakt 
worden met verschillende unieke liganden. Uit elektrochemische studies bleek dat de 
grootte van de redox potentiaal van deze clusters afhankelijk is van de electronen 




De redoxpotentialen van de clusters konden ook gemoduleerd worden door 
veranderingen aan te brengen in het CTV-ligand. Eerst werd de spacer tussen het 
cluster en het CTV-gedeelte gevarieerd in lengte. Dit had tot gevolg dat de electronen 
donatie van het CTV-ligand aan het cluster veranderde en hiermee de redox-
potentiaal. Vervolgens is het effect van waterstofbruggen in het ligand op de redox-
potentiaal onderzocht. Het bleek niet mogelijk te zijn om de redoxpotentiaal te 
beïnvloeden door het aanbrengen van hydroxygroepen in het ligand. Liganden met 
een amide-functie daarentegen gaven wel een modulatie van de potentiaal te zien. 
In z.g.n. HighPotential Iron Sulfur Proteins (HiPIP) komen ijzer-zwavel clusters voor 
die een afwijkend redox-gedrag bezitten: in plaats van de 2+/1+ oxidatie toestanden 
maken deze eiwitten gebruik van de 2+/3+ oxidatie toestanden. Dit wordt mede 
mogelijk gemaakt doordat deze clusters zijn omgeven door een hydrofobe 
eiwitmantel. Er werd geprobeerd om voor dit type eiwitten een model te ontwikkelen 
op basis van een cryptofaan-ligand, dat een [4Fe-4S] cluster volledig kan inkapselen. 
Uit voorlopige studies is gebleken dat een dergelijk model (zie 4) inderdaad kan 
worden gesynthetiseerd. 
Uitgaande van verbinding 1 werd een complex gemaakt dat een [4Fe-4S] clusters bevat 
welke gebrugd is met een ijzerporfyrine. Dit complex (5) kan mogelijk fungeren als 
model voor sulfiet-reductase. De op basis van CTV ontwikkelde liganden blijken 
flexibel genoeg te zijn om ook een MoFe3S4 cluster te binden. Het is echter niet gelukt 
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